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EDITORIAL ANNOUNCEMENTS 


Change of Subscription Rate in 1960 


On account of the rising costs of publication and the increased volume of material 
published by the Journal, it has been necessary to raise the subscription rate from 
$36.00 to $45.00 per year, beginning in January 1960. As before, remittances should 
be made by draft or check, or by postal money order, payable to The American Soci- 
ety of Biological Chemists, Inc., 428 East Preston Street, Baltimore 2, Maryland. 


Consideration of Preliminary Communications after September 15, 1959 


At the meetings of the Editorial Board and Committee in 
April 1959, it was decided that the Journal would be prepared, 
after September 15 of this year, to consider for publication short 
Preliminary Communications which appear to be of outstanding 
importance, and to give them accelerated publication after edi- 
torial review and acceptance. The standards for acceptance of 
such manuscripts will be quite rigorous. Briefly, they may be 
stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to one 
full page in the present format of the Journal. This is approxi- 
mately 1000 words of text. If figures or tables are included, 
the permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Com- 
munication will be followed by a detailed report within a reason- 
able time. In some cases a very short paper may be complete 
in itself, no further publication being required. If an author 
considers his communication to be final in this sense, he should 
s0 state in submitting the manuscript to the Editors. In such 
cases, the form of a short regular paper might be preferable (see 
the fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 





6. The title of the manuscript, and the names and addresses 
of the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 

The aim of the Journal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been pub- 
lished on a number of occasions in the past, when the findings 
were considered significant and the documentation and presen- 
tation were adequate. However, we have no desire to encourage 
short papers rather than long ones. A single long report of a 
comprehensive series of findings is generally preferred by the 
Editors to three or four short papers which, in the aggregate, 
require more time to read and to edit and also will take up more 
space. 
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Instructions To Authors 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
tomake sure that they conform as closely as possible to the follow- 
ing instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should 
be submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “laboratory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
eapital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘‘Use of Abbreviations”’ on pages 5 and 6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.” 

Separate sheets should be used for the following: (a) title, (b) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (hk) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) “Experimental 
Procedure’’ (or ‘‘Methods’’), (c) ‘‘Results,”’ (d) ‘‘Discussion,’’ (e) 
““Summary,’’ (f) ‘“References.’’ The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘‘unpub- 
lished experiments,’’ ‘‘personal communications,” etc., must be 
made in footnotes, and not included in the References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words ‘‘in press.’’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol, Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 








4 Instructions to Authors 


should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between. the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 8} x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 
inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 


ordinate and abscissa should not extend beyond the limits of theg 
rules. Black India ink should be used throughout. Generally 
figures should be designed with the vertical height somewh 
greater than the width, so as to fit well in a single column of the 
present format (width 34 inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 33-inch width. Oeccg. 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which cop. 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter. 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw. 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason. 
ably accurate evaluation of experimental points. Points of ob. 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthe legend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O, @, 0,8, A, A, ®). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc. 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 





number of the figure, and, if necessary, an indication of ‘‘top.” 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print. 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. 
trivial changes will not be accepted by the Editor. Newly ob- 
tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘‘note added in proof’’ can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company 

428 E. Preston Street 
Baltimore 2, Maryland 


Arbitrary or 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 
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Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 
ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.” Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetie acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethyl 
(CH.OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolie acid” or 
“tetrahydrofolate” be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-Hy”’ may 
be used; as also “folate-H,” for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
H,” or “5 (or 10)-CH,OH-folate-H,.” 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
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of the first one. 


Accepted abbreviations are as follows (ef. 


Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), 
DPNH 

TPN, TPNH 

FAD, FADH, 

NMN 

GSH, GSSG 

CoA, acyl-CoA 


AMP, GMP, 
UMP, CMP 


IMP, 


2’-AMP, 3’-AMP (5’- 
AMP), ete. 


ADP, ete. 
ATP, ete. 


deoxy-AMP(dAMP, 
dGMP, dIMP, 
dUMP, dCMP, 
dTMP) 

RNA, DNA 

RNase, DNase 


UDP-glucose, UDP-ga- 


lactose, ete. 
P;, PP; 


Tris 


diphosphopyridine nucleotide and _ its 
reduced form 

triphosphopyridine nucleotide and _ its 
reduced form 

flavin adenine dinucleotide and its re- 
duced form 

nicotinamide mononucleotide 

glutathione and its oxidized form 

coenzyme A and its acyl derivatives 
(e.g. acetyl, etc.) 

the 5’-phosphates of ribosyl adenine, 
guanine, hypoxanthine, uracil, cy- 
tosine 

the 2’-, 3’-, (and 5’-, where needed for 
contrast) phosphates of the nucleo- 
sides 

the 5’(pyro-)diphosphates of 
sine, ete. 

the 5’(pyro)-triphosphates of adeno- 
sine, etc. 


adeno 


the 5’-phosphates of 2’-deoxyribosy| 
adenine, ete. 


ribonucleic acid, deoxyribonucleic acid 

ribonuclease, deoxyribonuclease 

uridine diphosphate glucose, galactose, 
ete. 

inorganic orthophosphate and pyrophos- 
phate 

tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing p. vsphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

For Diagrammatic Representation of Polymers or Sequences— 


(a) For the amino acid residues in polypeptides, the residue with 

the free alpha-amino group (if one is present) to be understood 

to be at the left of the sequences as written (Ann. Rev. Biochem., 

16, 224 (1947)): 

Gly, Ala, Val, Leu, [leu 

Pro, Phe, CySH, CyS, 
Met, Try 

Arg, His, Lys 

Asp, Glu, 

Glu-NH, Asp-NH, 

Ser, Thr, Tyr, 

Hypro, Hylys 


glycyl, alanyl, valyl, leucyl, isoleucyl, 

prolyl, phenylalanyl, cysteinyl, half- 
cystyl, methiony], tryptophany] 

arginyl, histidyl, lysyl 

aspartyl, glutamyl, 

glutaminyl, asparaginy] 

seryl, threonyl, tyrosyl, 

hydroxyprolyl, hydroxylysy! 

These symbols should be separated from each other by periods 

(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown se 

quence may be enclosed in parentheses and separated by commas. 

These abbreviations should be used only for amino acid residues 

in peptide linkage, never for the free amino acids, the names of 

which should be written out in full. 





a 








(b) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


Gt, Fru, Gal, Rib, deoxy- 
Rib (dRib), etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosamine. Configura- 
tion symbols (L-, p-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 


glucose, fructose, galactose, ribose, 
deoxyribose, etc. 


¢ Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 


letter p to the right, a 3’-phosphate:{ Thus, for polyribonuclep. 
tides (A, G, etc., representing the nucleosides of adenine, gus. 
nine,f etc.): 


pApG 5’-O-phosphory]-adenyly]- (3’-5’) -guan. 
osine, or guanylyl-(5’-3’)-adenosing 
5’-phosphate 

adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 

adenylyl-(3’-5’)-guanosine 2’, 3’-phos. 
phate 


ApGp 


ApG-eyclic-p 


for polydeoxyribonucleotides: 


d-pApGpT 5’-O-phosphory]-deoxyadenyly1-(3’-5). 
deoxyguanylyl- (3’-5’)-deoxythyni- 
dine, or deoxythymidylyl-(5’-3’)-de. 
oxyguanylyl - (5’-3’) - deoxyadeno. 
sine 5’-phosphate. 


t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 





UNITS OF MEASUREMENT 


Units of Mass 
kilogram kg 
gram g 
milligram mg 
microgram pg (not +) 
millimole mmole (not mm) 
micromole umole (not um) 


Units of Concentration 


molar (mole /liter) M 
millimolar mM 
micromolar pM 
Units of Length, Area, Volume, etc. 

meter m 
centimeter cm 
millimicron my 
Angstrom (108 cm) A 
square centimeter em? 
cubic centimeter cc, or em® 
milliliter ml 
microliter ul (not > ) 
sedimentation coefficient 8 
sedimentation coefficient in water at 20°, 

extrapolated to zero concentration $829, w 
Svedberg unit of sedimentation coeffi- 

cient (10- sec.) Ss 
diffusion coefficient (usually given in 

cm?/sec.) D 


Note that, in most instances, liter is not to be abbreviated. Use 
1, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logyw T = amCb = eCb = a,cb 


In these equations A is absorbancy (preferred), OD is optical 
density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, ¢ is its concentration in other units (which must 
be specified), a, is the absorbancy index, am is the molar absorb. 
ancy index (identical with e, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave-length or frequency specified, the 
exact value of this index will be somewhat ambiguous uuless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. S. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U. 8. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 

Equilibrium and Velocity Constants 


Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mgt* + ATP*= 
MgATP*-, the association constant is: K = (MgATP*-)/(Mg**) 
(ATP*); (in units of m7). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec.— (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in Mm seco}. 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, ete. 
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night watch? 


Even the best-organized clinical laboratory by day must frequently resort 

to makeshift staffing for the fewer, but more urgent tests night-time 
emergencies demand. Not least of the advantages of AutoAnalyzer automation 

is the fact that it knows no hours. The same brisk efficiency and accuracy it 

brings to biochemical analysis during the day is equally available during the 
small hours. Any intelligent person can learn to run it without having to acquire 
chemistry skills. Serenely automatic, AutoAnalyzer demands no personal 
judgment, no subjective appraisal. The written record it yields is absolute. 
Best of all, the written record of the night’s work is reassuringly 

at hand in the morning for the pathologist himself to digest and approve. 


TECHNICON® 


J\wolAnalyzer 7 


Send for descriptive material and 
abstracts on AutoAnalyzer Metho- 
dology. Just a post-card will do. 





TECHNICON INSTRUMENTS CORPORATION 
Chauncey ° New York 
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N ew England Nuclear Corporation, in association with 
Atomic Associates, Inc., and Baird-Atomic, Inc., will sponsor a third 
Symposium on Advances in Tracer Methodology. 


Date: October 23, 1959 
Place: Hotel Statler, New York City 
Partial List of Papers: 


Underlying concepts of tracer methodology 

Recent advances in nuclear instrumentation 

Industrial “in situ” tracers for research and 
process control 


Gas chromatography of labeled fatty acids 
Low level counting 


Sealed tube combustion of C14 and H3 
labeled compounds 


Final program may be obtained and advance registration 
made by writing to: 


Symposium, New England Nuclear Corp. 
575 Albany Street, 
Boston 18, Mass. 


There is no admission charge to the one-day meeting. 
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CLEARANCE — ODDS and ENDs 


CAN YOU USE any of these odd lots of carbon-14 labeled compounds at 25 
to 75% off their usual prices? The quantities listed below are available as 
overruns from special preparations, and several are discontinued items. Purity 
of all compounds is guaranteed similarly to all catalog compounds. The prices 
shown apply only for the amounts listed; availability of all items is subject to 
prior sale. 














Compound Amount & Price Sp. Act. 
Acetamide-1-C!# 250 pcs for $55 1.0 mc/mM 
Benzoyl-7-C'* Chloride 210 pcs for $30 0.34 mc/mM 
n-Butyl-1-C!* Bromide 200 pcs for $60 0.34 mc/mM 
2,4-Dinitrophenol-1-C1* 87 pcs for $50 0.22 mc/mM 
Dodecane-1-C1# 1200 pcs for $380 1.1 mc/mM 
Glyceryl trioctanoate-1-C1* 810 pcs for $240 1.3 mc/mM 
Hexachloroethane -C1# 150 pcs for $25 2.0 mc/mM 
Isopropyl-2-C!* Iodide 180 yucs for $60 0.68 mc/mM 
DL-Lactic-2,3-Cl# Acid 5800 yucs for $200/mc 4.2 mc/mM 
Mescaline-8-C1# 980 pcs for $600 1.0 mc/mM 
DL-Methionine-methyl-C1* 1000 pcs for $225 0.95 mc/mM 
Propionamide-1-C!# 300 pcs for $75 1.3 mc/mM 
Propionitrile-1-C1# 300 pcs for $50 0.28 mc/mM 
Sodium Butyrate-3-C14 300 yucs for $125 0.35 mc/mM 
Starch-C1* (potato) 98 pcs for $45 0.21 uc/mg 
a-Hydroxystearic-1-C!* Acid 62 pcs for $25 1.0 mc/mM 
Stearamide-1-C!* 240 pcs for $60 1.8 mc/mM 
Tetraethyl-1-C't Ammonium Bromide 125 pcs for $45 0.44 mc/mM 
Trimyristin-1-C!# 277 pcs for $75 1.0 mc/mM 
SALES REPRESENTATIVES: ATOMLIGHT, our bi-monthly technical 

ATOMIC ASSOCIATES, Inc. bulletin, will be sent on request. 
Boston * New York * Philadelphia Complete catalog available. 


Washington, D.C. * Atlanta * Chicago 
Pittsburgh * Dallas * Los Angeles 
San Francisco * Detroit 


RADIONICS, Ltd. new england 


Montreal, Canada 575 ALBANY STREET, 








BOSTON 18 
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You'll Separate 
More Materials Faster 
with an 


ULTRAGCENTRIFUesS 








GENERAL PURPOSE FIXED-ANGLE ROTORS 


Large capacity for initial processing 
of biological materials. 940 mi in 
10 tubes; 51,000 x G max. 


Combines high force and high 
capacity for isolating viruses, 
microsomes. 462 ml in 12 tubes; 
105,000 x G max. 


Extremely high force allows 
separation of proteins, small viruses. 
162 ml in 12 tubes; 144,000 x G max. 





SPECIAL PURPOSE FIXED-ANGLE ROTORS 


Shallow tube angle (40°) results in 
minimum stirring at end of run. 
143,000 x G max. 





Steep tube angle (20°) for 
maximum sedimenting efficiency. 
142,000 x G. 





SWINGING BUCKET ROTORS (2) 


Ideal for zone centrifugation 
employing density gradients, and 
other special studies. 

Forces to 173,000 x G. 


BATCH ROTOR 
Capacity to 1600 ml, 35,000 x G. 


$-57 


















Rotor is quickly set in place 
without tools or connections; 
no critical balancing required. 


With speeds ranging from 400 to 40,000 rpm, the Beckman/Spinco 
Model L Ultracentrifuge can fulfill both your routine and 
advanced preparative needs. Here are a few of the advantages of 
this unusually flexible instrument: 


High force when you need it-At top speeds, 144,000 Gs are 
developed with standard rotors (others to 173,000). These 
forces are more than sufficient to separate proteins and other 
materials which are well beyond the capabilities of instruments 
generating less force. 


High force to cut operating time-Many routine separations 
can be accomplished faster at higher forces, reducing operating 
time as much as 80 percent. 

Equal effectiveness at lower force-Large-volume rotors 
handle separations requiring only nominal speeds. Turn of a knob 
varies speed to any desired rpm. 

Ultra-simplicity of operation—Less than 30 seconds 
required for start-up; subsequent operation fully automatic, 
operator’s presence not needed. 

Economical, maintenance-free operation—The Model L is a 


heavy-duty, precision instrument which can be run at high speeds 
for hundreds of hours without attention. 


We'd like to send you an APPLICATION CHART which 
gives helpful data on a variety of materials run by Model L users. 
References are included. 


For the chart and a new 12-page brochure on the Model L, 
please write to Spinco Division, Beckman Instruments, Inc., 
Stanford Industrial Park, Palo Alto, California. Ask for file L-20 


Beckman: 
Spinco Division 


Beckman Instruments, Inc. 


SALES AND SERVICE FACILITIES ARE MAINTAINED BY BECKMAN/INTERNATIONAL DIVISION IN FIFTY COUNTRIES 
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PASTEURIZATION 
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PRESSURE STEAM STERILIZATION 


AMERICAN 


STERILIZER 
ERIE* PENNSYLVANIA 


World's largest designer and 
manufacturer of Hospital and 
Laboratory Sterilizers, Surgical 
Tables, Lights and Biological 
Research Equipment 


wih AMERICAN 

Square Cabinet 
LABORATORY Sterilizers 
featuring \sothermal Control 


@ The diverse sterilization needs of the modern 
technical laboratory are fully and economically met 
by the versatility of American Sterilizer Pressure 
Steam Laboratory Sterilizers. 


Accurate, low-temperature processing of heat- 
sensitive or heat-coagulable media and fluids is 
readily performed by Amsco’s exclusive Isothermal 
Control which maintains pre-selected chamber 
temperatures well within the critical tolerance. 


The fully automatic Cyclomatic Control assures 
positive standardization of techniques with a 
minimum of time and attention from the operator. 


Up to 100% greater usable capacity is provided 
by the square chamber which permits more efficient 
loading. Installation and maintenance are simpler 
and less costly because of the stainless steel cabinet. 


For steam or electric heat. Chamber sizes 
16’’x 16’’x 24” or 20’’x 20’’x 36”. 


FREE 


Write for Amsco’s new 

16-page brochure SC-318R 
illustrating a complete variety 
of standard and special purpose 
sterilizers for pressure steam 

or ethylene oxide gas. 
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Research Quality radiochemicals including 


thirty-eight new tritium compounds 


Dozens of new carbon-14 compounds and a comple 
new line of tritium compounds are included in 
the new radiochemical Schedule E 
now available from Nuclear-Chicago. 
These new compounds offer you the 


combined advantages of guaranteed 





purity, economy, fast delivery, and 





widest selection of package sizes— 
factors which have made Nuclear-Chicago the 
world’s leading supplier of “Research Quality” 
radioactive reagents. 

Our new radiochemical Schedule E lists over 150 . 
carbon-14 compounds normally available for 
immediate delivery and hundreds of other 
compounds—carbon-14, sulfur-35, phosphorus-32, 
and the new tritium compounds, available 
on 30-45 day basis. 

We would be pleased to send you a copy of 
Schedule E—which also contains descriptions and 
prices of high intensity beta and gamma sources, 


standards, reference sources, and radionuclide sets 











Just ask for “Radiochemical Schedule E”. 
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Among our most widely used biological pipets are these. With good reason: 
All are rugged—resistant to both chemical attack and thermal shock, since 
they are made from glass No. 7740. All take repeated sterilization without 
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clouding or other signs of wear. 


ACCU-RED SERIES 


Uniform in accuracy and appearance, 
these pipets are tapered to provide an 
even, smooth delivery. Tips are bev- 
elled to reduce chipping and snagging. 
Red graduations are part of the glass 
and will last for the life of the pipet, 
which is considerable since the ab- 
sence of etched lines makes for a 
strong tube. 


7085 is a general purpose serological 
pipet. 0.1, 0.2 and 1 ml sizes, gradu- 
ated in 1/100 ml intervals; 1, 2 and 5 
ml sizes, graduated in 1/10 ml in- 
tervals. 


7086 is the same as the 7085 but with 
cotton mouth design for transfer of 
virus and pathogens. The mouths are 
so uniform you can safely preform 
cotton plugs. 0.1, 0.2, 1, 2, 5, and 
10 ml. 


7087 has a large tip opening to give 
faster intake and blow-out of suspen- 
sions and viscous liquids. Ideal for 
heavy creams, curds, suspensions in 
dairy labs and for general use in cul- 
ture suspensions, liquid media, water 
samples, and the like. 1, 2, 5, 10, and 
25 ml. 


7096 is a rinse-out pipet for especially 
accurate micro dilutions such as are 
used in the Folin method for deter- 
mining blood sugar and non-protein 
nitrogen. Mouthpiece is just right for 
rubber suction tube. 0.1 and 0.2 ml. 


WHITE LINE 
In those few cases where red mark- 
ings might interfere with readings, we 
suggest this white enamel-filled sero- 
logical pipet, No. 7080. 0.1, 0.2, 1, 
2, 5, and 10 ml. 


LONG TIP 

When you work with narrow neck 
tubes and flasks, the work will go 
faster with 7084 pipets which have 
long, narrow tips for insertion in con- 
fined spaces. Special care is given to 
achieve uniform walls on the tips and 
to their double-bevel grinding to as- 
sure strength and reduce breakage. 
0.2, 1, and 5 ml. 


V.D.R.L. 

This is No. 7093 and it is short (only 
8 inches) and lighter than capillary 
types. It provides rapid and precise 
delivery of serum or antigen to spot 
plates and tubes. Use it for fast 
V.D.R.L.’s, prothrombins, calciums, 
and similar tests calling for a 0.5 ml 
delivery. Graduations in 1/100 ml 
intervals. 











You can include any of these pipets in your 
regular Pyrex labware order to get maxi- 
mum package discounts. Many other pipets 
are listed in LG-1, the Pyrex labware cata- 
log, and its most recent supplement, No. 3. 
If you lack a copy of either, just write. 


of CORNING GLASS WORKS 


> 83 Crystal St., Corning, N. Y. 
\ CORNING MEANS RESEARCH IN GLASS 


PYRE X° laboratory ware... the tested tool of modern research 
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..- for PH 


and Bicarbonate 


Determinations 


of Blood Samples 


RADIOMETER 
ASTRUP APPARATUS 


SOLD AND SERVICED IN U.S.A. BY 


WELWYN INTERNATIONAL INC. 


3355 Edgecliff Terrace CLEVELAND 11, OHIO 


ASTRUP METHOD 


Blood pH can now serve a more useful clinical 
or research function with the new, Danish 
developed, Astrup apparatus — using as an in- 
dicator Radiometer’s Model 22 PH meter. 


Dr. Astrup’s method provides for separate 
determinations of pH, pCOz and a resultant 
determination of bicarbonate concentration. The 
greatest merit in this method is its function of 
classifying and analyzing the anomalies of the 
acido-basic balance of the blood; and the speed 
and accuracy with which these determinations 
can be made anaerobically. 


The equipment provides combined glasscalo- 
mel electrodes built into the measuring chamber, 
with an enclosing jacket to provide temperature 
control by water thermostat. 


Provision is also made for introducing the 
samples, buffers, etc., with ease and speed; as 
well as presenting COz of known partial pressure 
for the pCOz determination. 


Associated with this equipment, the Radio- 
meter PH22 instrument, with a special, external 
type, mirror scale meter provides a direct reading 
accuracy as low as + 0.01 pH, reproducible to 
002 pH with high stability and low drift. 


RADIOMETER 


72 Emdrupvej COPENHAGEN, DENMARK 


In Canada: Contact any Branch of Canadian Laboratory Supplies Limited 
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HYDROLYSATES 
for 


Microbiological Procedures 


“‘VITAMIN-FREE”’ CASEIN HYDROLYSATE is an acid hydroly- 
sate of a 10% solution of ‘‘Vitamin-Free’’ Test Casein, GBI. Micro- 
biologically significant amounts of vitamins have been removed as 


specified by U. S. P. 


When suitably supplemented, it will support excellent growth of 
organisms employed in microbiological procedures for such standard 
vitamin assays as B-Complex vitamins including B-12, amino acid 
assays and for bacterial nutrition studies. 


Offered in sterile, ready-to-use, liquid form, contents may be used 
immediately or removed aseptically and stored. An enzymatic form 
is also available for special uses. Usable to last drop, no waste. 
Available in 100 ml. and 450 ml. serum bottles. 


Save time, work and expense. Get uniform results—buy GBI ‘‘Vitamin- 
Free’? Casein Hydrolysate—Acid or Enzymatic forms. 





OTHER HYDROLYSATES—For various biological 
and microbiological procedures, General Biochem- 
icals, Inc., offers enzymatic and acid hydrolysates 
of Lactalbumin, Casein, Collagen, Soya and Yeast. 
Write for full information and catalog. 











GENERAL BIOCHEMICALS, INC. 


64 LABORATORY PARK + CHAGRIN FALLS, OHIO 









































XUM 

















... for determining melting points by use of a thermistor 


Advantages: 


e Can be used with any 
Thomas-Kofler 
Hot Stage 


e Audible signal permits 
uninterrupted 
observation ij 


e Single sensor for entire 
temperature range 


e Faster response 


e Simple graphic reader 
converts resistance 
values to temper- 
ature readings 


e Bridge Alarm permits 
unattended heating 
and cooling of Stage 








3963-A7. 
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More and more laboratories rely on ay 3 


in place of mercury-in-glass thermometers 


AUDIOHM THERMISTOR KOFLER HOT STAGE ASSEMBLY, Thomas. 
For determination of micro melting points and other fusion phenomena 
temperatures without removing the eye from the microscope. 


Other advantages of the thermistor method are faster response, obtained 
by locating a smaller sensor closer to the field of observation than is possible 
with a thermometer, and the elimination of stage-calibrated thermometers. 


Uninterrupted observation of fusion through all phases is made possible 
by measuring temperature as a function of thermistor resistance, which 
can be determined at any given instant by manually nulling the audible 
bridge signal. Dial reading remains unchanged and can be recorded sub- 
sequently. The Bridge Alarm, offered as an optional accessory, signals 
approach to a preset balance point, permitting the operator to leave the 
stage unattended while it heats or cools. 

The assembly shown above consists of Thomas-Kofler Hot Stage— 
described on pp. 877 to 880, incl., of our catalog—with the following Audi- 
ohm Thermistor accessories in place of the usual thermometers: 


Thermistor Hot Stage Attachment. A chromium plated, circular brass 
block, with 1 mm bead type thermistor. Fits directly on any Thomas-Kofler 
Hot Stage in place of detachable rim. 


Audiohm Resistance Bridge. Range 0.2 to 2,500,000 ohms, 1000-cycle output; 
with phone jack for earphones, and octal socket in rear to take Bridge Alarm. 


Earphones. For attachment to Resistance Bridge to detect null point of 
audible signal. 


Thermistor Temperature Computer. A circular slide rule on 16-inch square 
plastic base plate. For converting resistance values directly to temperature 
readings in the range 20° to 350° C. 
6887-C2. Audiohm Thermistor Hot Stage Assembly, Thomas-Kofier, complete 
as illustrated, consisting of Hot Stage with transformer, Thermistor Attachment for the 
stage, Audiohm Resistance Bridge, Earphones, and Thermistor Temperature Computer; 
without Microscope or Bridge Alarm. For 115 volts, 50 or 60 cyc. a.c........... 422.95 


6887-B. Thermistor Hot Stage Attachment, 


3963-A7. Resistance Bridge Alarm, Buzzer 
only, for use on Thomas-Kofler Hot Stage. . 50.25 58.50 


Type, Thomas 


3950-M2. Earphones, only.......... 12.00 
3963-AS. Resistance Bridge, Thomas Audi- 6884-F. Thermistor Temperature Competes, 
Be ccccccccccccccccecovcccecccece 228.00 MDs 6:5 6:00:00t0600606600ss60e86e"8 


More detailed information sent upon request. 
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Two Identical Embden-Meyerhof Enzyme Systems in Normal 
Rat Diaphragms Differing in Cytological Location and 
Response to Insulin* 


WALTER N. 


SHAW AND WILLIAM C. SrTapDIEe 


From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania 


(Received for publication, December 19, 1958) 


In a previous paper (1) we reported experiments on the aerobic 
metabolism in vitro of diaphragms from normal] rats incubated 
for 2 hours in a phosphate-saline medium (pH 7.4) containing 
uniformly labeled glucose-C™ + insulin. In summary we demon- 
strated the following: (a) total lactic acid synthesis from medium 
glucose Was not responsive to insulin; (b) in contrast, insulin 
always increased glycogen synthesis from glucose; (c) after 
incubation, two Embden-Meyerhof intermediary hexose mono- 
phosphate esters, viz. glucose 6-phosphate and glucose 1-phos- 
phate, were isolated from the trichloroacetic acid extract of the 
washed diaphragm by barium precipitation, separated by paper 
chromatography, and their C™“ activity measured; the data 
showed that insulin increases the rate of incorporation of medium 
glucose into both; (d) fructose 1,6-diphosphate was similarly 
isolated from the acid extract of the washed diaphragm. The 
isotopic data showed that medium glucose was never incorporated 
into it; (e) diaphragms were incubated in the phosphate-saline- 
glucose medium containing isotopic glucose and nonisotopic 
glucose-6-P, or glucose-1-P, or fructose 1,6-diphosphate; at the 
end of the incubation period the ester analogous to the one 
added to the medium was isolated from the trichloroacetic acid 
extract of the washed diaphragm; the isotopic data showed that 
none of these esters in the medium interchanges with its analogue 
in the diaphragms; (f) on the other hand, when glucose 6-phos- 
phate or fructose 1 6-diphosphate were in the medium in addi- 
tion to glucose, these phosphate esters, as well as the medium 
glucose, were incorporated into lactic acid. But in similar experi- 
ments glucose 1-phosphate was not a precursor of lactic acid. 
These data are consistent with the conclusion that there is a 
free interchange between the first two of these esters when added 
tothe medium and their analogous intermediaries in an Embden- 
Meyerhof pathway—glucose to lactic acid. Published data (Ref. 
1, Table XIII) from experiments on the medium after the 2- 
hour period of incubation (postincubation medium) showed that 
the conversion of glucose, glucose 6-phosphate, or fructose 
1,6-diphosphate by the rat diaphragm in phosphate-saline 
medium to lactic acid was not due to enzymes leached out of the 
diaphragm into the medium during incubation. Accordingly, the 
interchanges noted in (f) must occur at active sites in enzyme 


*The work reported in this paper was supported in part by 
grants from the National Institute of Arthritis and Metabolic 
Diseases (Grant No. A-357(C10)), National Institutes of Health, 
United States Public Health Service, and the Insulin Grants 
Committee of the Lilly Research Laboratories. 


systems structurally localized either within the cells of the 
diaphragm or on their surfaces. But this Embden-Meyerhof 
system cannot be the same as that whose phosphorylated inter- 
mediaries were isolated from the acid extracts of the washed dia- 
phragm; the data cited in (e) clearly show that these esters do 
not interchange with analogous phosphate esters in the medium. 
Furthermore the esters isolated from the washed diaphragm are 
in the metabolic pathway: glucose to glycogen. But indubitably 
glycogen is intracellular; accordingly it is highly presumptive 
that the enzyme system which catalyzes the synthesis of glycogen 
from glucose 6-phosphate is situated within the cells. Without 
undue equivocation, we consider this to mean that the enzyme 
system which synthesizes glycogen from medium glucose is 
enclosed by an interface, whose locus and histological make-up 
need not be more closely defined, which prevents the interchange 
of the phosphorylated Embden-Meyerhof intermediaries with 
their analogues if these are added to the incubation or washing 
medium. By assumption, therefore, and for the sake of simplicity 
of description, we shall consider the enzyme system with these 
characteristics to be “intracellular.” 

In recapitulation we conclude that these data are compatible 
with the following concepts: under our experimental conditions 
(diaphragms equilibrated aerobically in phosphate-saline medium 
at pH 7.4) two Embden-Meyerhof pathways are operative in the 
normal rat diaphragm. One pathway which converts medium 
glucose to glycogen is insulin-responsive. In this pathway the 
conversion of glucose-6-P to lactic acid by way of fructose 1 ,6- 
diphosphate does not occur. Ipso facto, then, insulin cannot 
increase the synthesis of lactic acid from medium glucose by this 
Embden-Meyerhof pathway. Hence, insulin is without effect 
on this source of lactic acid. Another pathway dissimilates 
glucose to lactic acid. This system is insulin-nonresponsive. 
For reasons previously discussed (1) and recapitulated here, our 
data are strongly indicative that the first Embden-Meyerhof 
pathway is intracellular. The locus of the second pathway 
cannot be unequivocally stated, except that it is not the same 
as the first pathway. It may be situated within the cell with an 
interface separating it from the medium which differs in prop- 
erties from that enclosing the first pathway. However, the 
ready interchange of metabolic phosphorylated intermediaries 
in the medium with those generated at enzymatic sites in the 
pathway which synthesizes lactic acid from glucose makes it 
plausible to assume that the enzymatic systems of this second 
pathway are situated on the surface of the cell. We shall make 
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TABLE I 
Effect of insulin on conversion of isotopic glucose to lactic acid and 
glycogen by normal rat hemidiaphragm equilibrated in 
bicarbonate-phosphate-saline medium 








Lactic acid derived from Glycogen synthesized from 
i medium glucose medium glucose 
| 
Experiment He. Insulin Insulin 
0 + | Difference 0 + Difference 











pmoles/g/2 hrs | wmoles glucose equivalents/g/2 hrs 


| 
| 28 | 45 
| 





1 | +17 17.0 | 28.0 | +11.0 
2 | 8 | 12 | +4 | 60 | 15.0 | +9.0 
3 iw | +10 3.0 6.0 +3.0 
4 | 25 | 59 +34 3.0 5.0 | +2.0 
5 | 52 | 65 +12 2.0 5.0 | +3.0 
6 | 65 85 +20 1.0 3.0 | +2.0 
7 52 | 67 | +15 | 
8 53 | 69 +16 | 
| is 
Mean....; 39 | 55 +16 5.3 | 10.3 | +5.0 
S.em.*...| +7 | +8 +3 +2.1 | +3.1 





+1.6 


* Standard error of the mean. 


TABLE II 


Incorporation of uniformly labeled glucose-C'* into fructose 
1,6-diphosphate by normal rat diaphragm incubated in 
bicarbonate-phosphate-saline medium 














Isotopic fructose-DP recovered from TCA* 
extract of washed diaphragm 


Experiment No. 








Insulin 
| 0 | + Difference 
ee a ulin = 
1 0.15 0.24 | +0.09 
2 0.11 0.60 +0.49 
3 0.03 0.30 | +0.27 
4 0.15 0.37 | +0.21 
5 0.20 0.38 | +0.18 
6 0.11 0.27 | +0.16 
? 0.14 0.40 | +0.26 
Oe ee 0.13 0.37 | +0.24 
S.e.m.f... +0.02 | 0.05 


+0.04 





* Trichloroacetic acid. 
¢ Standard error of the mean. 


this assumption and denote it as a “cell-surface enzyme system.” 
The proof of this assumption is left for further exploration. 

In this paper we report experiments in which rat hemidia- 
phragms were equilibrated in a medium which, unlike that used 
in our previous experiments, contained bicarbonate in addition 
to phosphate. In this bicarbonate-phosphate-saline medium, 
we find that the enzymes in the first Embden-Meyerhof system, 
which converts glucose-6-P to lactic acid through fructose 1,6- 
diphosphate are now active. This Embden-Meyerhof system is 
insulin-responsive; accordingly, the lactic acid synthesized by 
this system is now increased by insulin. We also show that the 
second Embden-Meyerhof pathway, the sole enzyme system for 
the conversion of medium glucose to lactic acid by normal rat 
diaphragms incubated in a phosphate-saline medium, is also 
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operative in the bicarbonate-phosphate-saline medium, an4 
continues to be insulin-nonresponsive. The significance of oy 
previous and present findings in the problem of the action of 
insulin upon glucose metabolism in muscle will be discussed, 


METHODS 


Wistar male white rats (100 to 120 g.) fasted 18 to 24 hour 
were killed by cervical fracture. Each hemidiaphragm was 
dissected out, weighed, and placed in a small beaker containing 
2 ml of one of the following media: (A) Phosphate-saline medium, 
0.07 m NaCl, 0.001 m CaCls, 0.001 m MgCl, and 0.05 m sodium 
phosphate adjusted to pH 7.4 by the glass electrode; gas phag 
was 100% oxygen. (B) Bicarbonate-phosphate-saline medium, 
Medium A plus 0.025 m NaHCOs; gas phase was 95% oxygen, 
5% carbon dioxide, the pH being 7.4. Each medium unless 
otherwise noted contained 0.022 m uniformly labeled glucose-C# 
(4000 to 40,000 c.p.m. per umole). The beaker with the dig 
phragm was shaken in the Dubnoff apparatus at 38° for 2 hours 
with the stated gas phase. Where indicated paired hemidia. 
phragms from each rat were equilibrated without and with 0,1 
unit per ml of Lilly crystalline zine insulin (0.04 to 0.05% glu- 
cagon). When hexose phosphate esters were isolated four 
hemidiaphragms were equilibrated in 8 ml of the appropriate 
medium in order to increase the amount of the ester available 
for analysis. 

The isolation, estimation, and determination of the specific 
activity of lactic acid, glycogen, glucose-6-P, glucose-1-P, and 
fructose-DP! were carried out by methods previously described 
(1). 

Insulin-I*' (Abbott Laboratories, Oak Ridge) was used in 
some of the experiments. 


RESULTS 


The data in Table I show that in a bicarbonate-phosphate- 
saline medium containing isotopic glucose the lactate formation 
from medium glucose by normal rat diaphragm in vitro is insulin- 
responsive. This is in contrast to the finding in a phosphate 
medium in which no effect of insulin on lactic acid synthesis by 
the hemidiaphragm was observed. All of the insulin effect in 
the bicarbonate-phosphate-saline medium can be accounted for 
by the increased conversion of medium glucose to lactic acid. 

In Table I are also shown the data on glycogen synthesis. The 
usual increase with insulin was observed. Essentially all of this 
However, the total gly- 
cogen formed and the insulin effect on its synthesis are less than 
that observed in the phosphate-saline medium. 

In our previous experiments with diaphragms equilibrated in 
the phosphate-saline medium plus isotopic glucose, we were 
never able to demonstrate incorporation of the labeled glucose 
into intracellular fructose-DP obtained by extraction from the 
washed diaphragm. In striking contrast, hemidiaphragms 
equilibrated in the bicarbonate-phosphate-saline medium in- 
corporated medium isotopic glucose into fructose-DP so isolated, 
as shown by the data in Table II. In addition, the presence of 
insulin in the medium tripled the turnover of this phosphate 
ester. Furthermore, as in our experiments in the phosphate 
saline medium, the rates of turnover (data not shown) of glucose- 
6-P and glucose-1-P in the bicarbonate medium were doubled by 
the addition of insulin to the medium. 


increase came from medium glucose. 


1 The abbreviation used is: fructose-DP, fructose 1,6-diphos- 
phate. 
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Table III shows data in which diaphragms (approximate 
average weight = 0.1 g) were incubated in a bicarbonate-phos- 
phate-saline medium (2 ml) containing 2 ywmoles of isotopic 
glucose-6-P and 44 uwmoles of carrier glucose per vessel. At the 
end of the 2-hour incubation period the radioactivity of the 
lactic acid from the medium and the glycogen isolated from 
trichloroacetic acid extracts of the washed diaphragm were 
determined. The data show: (a) insignificant amounts of glu- 
cose-6-P were incorporated into intracellular glycogen; (6) 
approximately one-tenth of the isotopic glucose-6-P in the 
medium was converted to lactic acid; insulin did not increase 
this. These data clearly show that glucose-6-P in the medium 
does not interchange with its analogous intermediary in the 
pathway—glucose to glycogen (Embden-Meyerhof No. 1). 
Otherwise, the isotopic glucose-6-P would have been incorporated 
into the glycogen of the diaphragm. But as in our previous 
experiments in phosphate-saline medium it does interchange 
with its analogue in the extracellular pathway—glucose to lactic 
acid. But note further that the synthesis of total lactic acid 
was increased by insulin. From this we infer that the insulin- 
responsive intracellular pathway converting medium glucose 
through glucose-6-P and fructose-DP to lactic acid is complete. 
Accordingly, lactic acid synthesis as well as glycogen formation 
from medium glucose is increased by insulin. 

Similiar experiments were done with nonisotopic fructose-DP 
and isotopic glucose in the medium. At the end of the incuba- 
tion period, the specific activities of the lactic acid, and the 
fructose-DP reisolated from the medium were determined. The 
data in Table IV show: (a) that the fructose-DP has acquired the 
label from the medium glucose. Since we have clearly estab- 
lished that phosphate esters in the medium do not interchange 
with their analogous intermediaries in the pathway forming gly- 
cogen, the acquisition of the label by fructose-DP must occur by 
interchanges with its analogue in the second or cell-surface Emb- 
den-Meyerhof pathway. Additional evidence of this inter- 
change is indicated by the observation that the specific activity 
of the lactic acid is decreased when nonisotopic fructose-DP is 
in the medium, showing that part of the lactic acid is derived 
from this nonisotopic precursor. 

We conclude that the two Embden-Meyerhof pathways first 
demonstrated to function in a phosphate-saline medium are 
also active in a bicarbonate-phosphate-saline medium. 

It has been previously shown (2, 3) that when a rat hemidia- 
phragm is equilibrated for a brief period of time (as little as 1 
minute suffices) in a medium containing insulin, and then 
thoroughly washed, hormonally active insulin is bound by the 
tissue. The activity of the bound insulin is demonstrated by 
the fact that the hemidiaphragm, when incubated in a subsequent 
assay period in a medium containing glucose but no insulin has 
a greater glucose uptake and synthesizes more glycogen than its 
paired control hemidiaphragm which has not been pretreated with 
insulin. We designed experiments to determine the effect of the 
composition of the medium on the amount and the metabolic 
activity of insulin bound by the diaphragm. For this purpose 
we studied insulin binding in the two media—phosphate-saline 
and bicarbonate-phosphate-saline. We used insulin-I"' since 
the bound insulin can then be estimated by its radioactivity (4). 
When the paired hemidiaphragms so prepared, both containing 
bound insulin, were equilibrated in the two media to which 
glucose had been added, it was found (Table V) that there was 
4 significantly greater lactic acid production by the hemidia- 
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TasB_e III 


Conversion of isotopic glucose 6-phosphate in medium to lactic 
acid by normal rat hemidiaphragm incubated in bicarbonate- 
phosphate-saline medium (nonisotopic glucose also present)* 








Lactic acid synthesized | 


Final glycogen 
from glucose-6-P 





From glucose-6-P Total 
Insulin Insulin Insulin 
0 _ 0 + 0 | + 
pmoles/vessel pmoles/vessel pumole/hemidiaphragm 
0.2 | 0.20 1.9 5.6 0.003 0.008 
0.25 0.30 4.8 9.8 0.008 | 0.015 


* Four hemidiaphragms were used per vessel. Initial concen- 
tration of isotopic glucose-6-P, 2 uwmoles per vessel: nonisotopic 
glucose 22 wmoles per vessel. Hemidiaphragm weight approx- 
imately 0.1 g. 


TaBLe IV 


Data showing that Embden-Meyerhof pathway No. 2 in normal rat 
diaphragm is active in bicarbonate-phosphate-saline medium* 


| 
| Fructose-DP 


Additions to medium Lactate formed reisolated from 
final medium 
umoles/g/2 c.p.m./C . 
ry / frets | ¢.p.m./C atom 
| 
Isotopic glucose 39 2713 
Isotopic glucose + noniso- 43 | 1843 1150 


topic fructose-DP 











* Data are mean of 4 experiments. 


TABLE V 


Amount and metabolic action of insulin bound by normal rat 
hemidiaphragm in media with and without bicarbonate* 





Insulin boundt | Total lactate formedt 
Phosphate- Bicarbonate- Phosphate- Bicarbonate- 
cules phosphate-saline saline | phosphate-saline 
medium medium medium medium 
0.39 + 0.07 0.36 + 0.06 18 + 3 31 + 4 


* Mean values + s.e.m. where N = 12. 
+ Expressed as yg per g. 
¢ Expressed as ymoles per g per hour. 


phragm in the bicarbonate-phosphate-saline medium than in the 
phosphate-saline medium. This is consistent with our previous 
experiments which show that in the bicarbonate medium the en- 
zymes in the Embden-Meyerhof Pathway No. 1, which convert 
glucose to lactic acid through fructose-DP, are functioning; but 
this system is insulin-responsive; accordingly lactic acid synthe- 
sis in this medium, in contrast to the situation in the phosphate- 
saline medium, is increased by the bound insulin. This effect, 
however, cannot be due to increased amounts of bound insulin, 
since, as the data show, the amount of insulin bound by the 
diaphragm is the same in both phosphate-saline and bicarbonate- 
phosphate-saline media. 

The fact that intracellular fructose-DP is not labeled in the 
phosphate-saline medium and is labeled in the bicarbonate- 
phosphate-saline medium when rat hemidiaphragms are incu- 
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TaBLeE VI 


Conversion by normal rat hemidiaphragm of uniformly labeled 
fructose-C to lactate, glycogen and intracellular fructose 1,6- 
diphosphate in phosphate-saline and bicarbonate-phosphate-sa- 

line medium* 





Phosphate-saline Bicarbonate-phosphate- 











medium saline medium 
| Insulin Insulin 
Et a 
| | 
Differ- Differ- 
Poi <e* | + 
ae aera on eee 8 eran eee 
Lactate 34 82 |-2 22 (29 |+7 
| +8) +6) +5) +3) +2) +2 
Glycogen from washed dia- 1.7 3.4 |+1.80.7 2.0) |+1.3 
phragm |+0.5)+0.7/+0.4) +0.2) 40.4) +0.2 
Fructose DP from washed) as 0.0} 0.00.04 0.12 0.08 
diaphragm | +0.01'+0.03'4+0.02 








* Mean values + s.e.m. are expressed as ymoles from isotopic 
fructose per g per 2 hours. N = 4 in each category. 


























EMBDEN - MEYERHOF INTERMEDIARY EMBDEN - MEYERHOF 
PATHWAY No.1 METABOLITE PATHWAY No.2 
(INSULIN RESPONSIVE) IN MEDIUM (INSULIN NON-RESPONSIVE) 

GLYCOGEN Z | 
GLUCOSE-I-P A—s- 1-P | 
GLUCOSE-6-P Y | 
GLUCOSE¢+—— 7 GLUCOSE : IGLUCOSE 
GLUCOSE -6-P Y}—+- 6-F: >GLUCOSE -6-P 
FRUCTOSE-6-P Y | 
2 
FRUC TOSE-1,6-diP wor hp —F -16- sip ——»rructose-s-air 
2w> 
“zo y 3-P-GLYCERIC ACID =—————————>3--P-GLYCERIC ACID 
pyruvic acio || SE YY 
ana PYRUVIC ACID 
Sa «YY | 
LACTIC ACID = Y | LACTIC ACID 











Fia. 1. Schema of Embden-Meyerhof enzyme systems in nor- 
mal rat diaphragms. 


bated in these media together with isotopic glucose, suggests that 
the intracellular enzymes for the conversion of glucose-6-P to 
fructose-DP are inactive in phosphate-saline medium and active 
in the bicarbonate-phosphate-saline medium. These enzymes 
are phosphohexoisomerase and phosphofructokinase. To de- 
termine more directly whether either or both of these enzymes 
are affected by the ionic composition of the medium, the con- 
version of uniformly labeled fructose-C™ (31,000 to 45,000 c.p.m. 
per umole; 0.022 mM) was studied in the two media. In the 
absence of glucose, fructose, as has been shown by Mackler and 
Guest (5), is converted by a nonspecific hexokinase to fructose- 
6-P. This is also to be expected from the studies of Hers (6). 
The measurement of the specific activity of the glycogen, isolated 
from the washed diaphragm, would indicate whether phospho- 
hexoisomerase is active in either medium since this enzyme 
‘atalyzes the conversion of fructose-6-P to glucose-6-P, a neces- 
sary step in the formation of glycogen from fructose. Likewise, 
the measurement of the specific activity of intracellular fructose- 
DP, isolated from the trichloroacetic acid extract of the washed 
diaphragm, would indicate whether phosphofructokinase is 
active since this enzyme catalyzes the conversion of fructose-6-P 
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to fructose-DP. The data are shown in Table VI. C" i 
present in the glycogen synthesized from the medium fructoge 
in both media; therefore, phosphohexoisomerase in the diaphragm 
is active in both media. Fructose-DP is labeled in the bicar. 
bonate-phosphate-saline medium and not in the phosphate. 
saline medium. This shows that phosphofructokinase in the 
diaphragm is functional in the one case and not in the other, 
These results are completely consistent with our previous experi- 
ments and explain why intracellular fructose-DP, isolated from 
extracts of the washed diaphragm, was never labeled when rat 
hemidiaphragms were incubated with glucose in the phosphate. 
saline medium. Lactate production from isotopic fructose jg 
also shown in Table VI. It is interesting to note a similarity 
between glucose and fructose as substrates for lactate production 
in the phosphate medium. In either case, the conversion of 
glucose or fructose to lactate is not accelerated by the addition 
of insulin to the medium. 


DISCUSSION 


The evidence reported in this and the previous paper (1) shows 
that glucose incubated in vitro with hemidiaphragms from normal 
rats is metabolized in two separate pathways. The interme- 
diaries of glucose dissimilation of both pathways are identical 
and are those characteristic of the classical Embden-Meyerhof 
system. However, there are certain differences between these 
two pathways which are made clear by a consideration of the 
schema in Fig. 1. On the basis of the behavior of the two path- 
ways, it is possible to draw inferences as to the loci of the enzyme 
systems which catalyze the reactions of the two pathways, 
From these inferences conclusions with respect to the mode of 
action of insulin upon glucose metabolism of the isolated rat 
diaphragm may be made. 

The schema (Fig. 1) shows the interrelation of the data pre- 
sented. Embden-Meyerhof Pathway No. 1: medium glucose 
is converted to glycogen through the hexose-phosphate esters, 
glucose-6-P and glucose-1-P. When insulin is added to the 
medium the rate of conversion of glucose to glycogen is increased. 
The isotopic data show that the turnover rate of the interme- 
diary phosphate esters is also increased. However, in the 
absence of the bicarbonate ion (7.e. in a phosphate-saline medium) 
fructose-DP is not formed in this pathway. Independent 
evidence with isotopic fructose shows that, although phospho- 
glucoisomerase is active, in a phosphate-saline medium the 
enzyme phosphofructokinase is inactive. Under these circum- 
stances, whether or not insulin is in the medium, no lactic acid 
is formed from glucose by the diaphragm. Therefore, ipso facto, 
this part of Pathway No. 1 is “insulin-nonresponsive.” When 
the medium contains bicarbonate (bicarbonate-phosphate-saline 
medium) the enzyme phosphofructokinase is active. Fructose- 
DP is formed from medium isotopic glucose through glucose-6-P 
and fructose-6-P. Insulin increases the rate of incorporation of 
glucose into these intermediaries, the formation of lactic acid 
from the fructose-DP is restored and since the rate of turnover 
of the fructose-DP is increased by insulin, the rate of formation 
of lactic acid by this pathway is also increased. All of Pathway 
No. 1 is now insulin-responsive. When the phosphorylated 
intermediary esters, glucose-6-P, glucose-1-P, and fructose-DP, 
are included together with glucose in the medium, isotopic data 
show that in no case do these esters interchange with their 
intermediary analogues which are being formed by the enzyme 
components of the Embden-Meyerhof Pathway No. 1. 
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Embden-Meyerhof Pathway No. 2 presents many differences 
from Pathway No. 1. The terminal dissimilation product of 
the medium glucose is lactic acid. Insulin in the medium does 
not increase its synthesis. Isotopic data show that all the 
Embden-Meyerhof intermediaries from glucose-6-P to lactic 
acid are formed from the medium glucose. Glucose-1-P or 
glycogen are not formed. Most significant is the observation, 
from isotopic data, that when phosphorylated intermediaries, 
viz. glucose-6-P, fructose-DP, 3-P-glyceric acid (also pyruvic 
acid), are present in the medium, they interchange freely with 
their analogous intermediaries which are being formed at the 
enzyme sites in Pathway No. 2. The evidence also shows that 
Pathway No. 2 is active in both phosphate-saline medium and 
bicarbonate-phosphate-saline medium, leading to the conclusion 
that lactic acid is formed simultaneously by the two pathways. 

Control experiments show clearly that the observed results 
cannot be due to enzymes which have been leached out of the 
diaphragm during the period of incubation. It is therefore our 
conclusion that the two systems are associated with structural 
elements of the diaphragm which are different. The precise 
localization of these two enzyme systems is somewhat specula- 
tive. Pathway No. 1 leads to the formation of glycogen which 
is indubitably intracellular. Moreover, the intermediary phos- 
phate esters cannot be washed out of the diaphragm and, more 
significant, is the observation that phosphorylated intermediaries 
in the medium do not interchange with their analogues in the 
diaphragm as shown by isotopic data on these intermediaries 
when they are isolated from the trichloroacetic acid extracts of 
the washed diaphragms. Lastly, Pathway No. 1 is accelerated 
by the presence of insulin in the medium. It is reasonable then 
to conclude that system No. 1 is enclosed by a boundary structure 
which prevents the ready exchange of the intermediary metab- 
olites of the pathway with the medium. Moreover, it is highly 
presumptive that in the absence of insulin the boundary structure 
hinders to some extent the ready entrance of glucose since the 
access of the medium glucose into the sphere of activity of the 
enzymes in the pathway is achieved only in the presence of 
insulin. 

The precise location of the Embden-Meyerhof Pathway No. 2 
is more speculative. It is possible to assume that it exists with- 
in the cell but with boundaries which differ in properties from 
those of No. 1. However, the ready interchange of phosphory- 
lated intermediates when present in the medium with those 
being formed at the enzymatic sites in Pathway No. 2 is com- 
patible with the assumption that the enzymes of the pathway 
are situated on the surface of the cell. Accordingly, we make 
this assumption in further descriptions of the pathway. 

With regard to the significance of our finding in the problem 
of the action of insulin, it may be said that they are most easily 
explained by the assumption that Pathway No. 1 is intracellular 
and Pathway No. 2 is on the cell surface. Accordingly, active 
or passive transport of glucose across a cell membrane from 
medium to enzymatic sites is necessary for the full activity of 
Pathway No. 1. Many authors (cf. 7, 8) have presented inde- 
pendent evidence leading to the conclusion that insulin increases 
transport of glucose across the cell membrane of the diaphragm 
into the interior of the cell. But from our evidence Pathway 
No. 1 appears to be intracellular and its activity is also increased 
by insulin. These findings are most easily explained on the 
assumption that the action of insulin is to increase transport. 
Pathway No. 2 is not influenced by insulin. But our evidence 
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clearly shows that its enzymatic sites of action are either on the 
surface or surrounded by a boundary whose properties are quite 
different from those of the boundary of Pathway No. 1. A 
surface system or one which permitted free interchange of 
Embden-Meyerhof intermediaries (particularly phosphorylated 
ones) would be quite unlikely to require active transport for full 
function. Accordingly, insulin would have no influence on the 
rates of reactions. This is what we have found is the case of 
Pathway No 2. 

With respect to the relation of insulin to the hexokinase reac- 
tion we have shown that the hexokinase reaction occurs in both 
pathways. But this reaction in Pathway No. 2 is demonstrably 
not influenced by insulin. It is logical to extend this conclusion 
to the hexokinase in Pathway No. 1. Otherwise we would have 
to resort to the more unlikely assumption that action of insulin 
on hexokinase is dependent upon the cytological location of the 
enzyme. These findings are more compatible with the 
hypothesis that the action of insulin is to increase active trans- 
port of glucose rather than to accelerate the hexokinase reaction. 

Our experiments were done under conditions which are not 
physiological. This, of course, is the case with innumerable 
observations, particularly in experiments in vitro, reported in 
the literature. No claim is ever made that such observations 
represent true occurrences in vitro since they may be merely 
“laboratory phenomena.” But as often happens, after more 
extended exploration, such model systems frequently yield 
elucidation of significant physiological problems. 


SUMMARY 


We report experiments on the metabolic activity of hemidia- 
phragms from normal rats. These were equilibrated in a 
bicarbonate-phosphate-saline or a phosphate-saline medium 
containing varying carrier or isotopic metabolites either alone or 
in combination, viz. glucose, glucose 6-phosphate, glucose 1- 
phosphate, fructose 1,6-diphosphate, 3-phosphoglyceric acid, or 
pyruvic acid, The data from these experiments are compatible 
with the following conclusions: there are in the diaphragm two 
separate and distinct Embden-Meyerhof pathways which differ 
in their cytological location and metabolic function. 

Pathway No. 1 is intracellular. Glucose in the medium is 
transformed by it into glucose 6-phosphate. Through this 
branch point all the intermediaries of the classical Embden- 
Meyerhof system are formed, including the final derivatives— 
glycogen and lactic acid. When the phosphorylated interme- 
diaries of the Embden-Meyerhof system are added to the 
medium, they are not incorporated into their analogous interme- 
diaries formed at the enzymatic sites of the pathway. In a 
medium containing no bicarbonate (phosphate-saline medium) 
the enzyme phosphofructokinase is inactive. Therefore, no 
fructose 1,6-diphosphate is formed from fructose 6-phosphate 
derived from the medium glucose. Obviously, the further 
derivatives of fructose 1,6-diphosphate, including lactic acid, 
are not formed. The turnover rates of glucose 6-phosphate as 
well as the turnover rates of the further phosphorylated deriva- 
tives are increased when insulin is in the medium. In conse- 
quence the synthesis of glycogen and lactic acid is increased. 
Therefore, this pathway is insulin-responsive. However, in the 


absence of bicarbonate (phosphate-saline medium), since no 
fructose 1 ,6-diphosphate is formed, insulin is without effect on 
lactic acid formation, although glycogen synthesis is increased. 
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Pathway No. 2 is presumably located on the cell surface. 
From medium glucose, it forms all the intermediaries of the 
Embden-Meyerhof system except glucose 1-phosphate and 
glycogen, viz. glucose 6-phosphate, fructose 6-phosphate, fructose 
1,6-diphosphate, 3-phosphoglyceric acid, pyruvic acid, and the 
final product, lactic acid. When these phosphorylated inter- 
mediaries are in the medium either as carrier or isotopic com- 
pounds, the data show that they freely interchange with their 
analogous phosphorylated compounds formed at enzymatic sites 
in the pathway. Pathway No. 2 is completely insulin-nonre- 
sponsive. 

The significance of these findings with respect to the mechanism 
of action of insulin upon the metabolism of glucose by diaphragm 
from the normal rat is discussed. 


Acknowledgment—We wish to express our very grateful ap- 


Two Identical Embden-Meyerhof Systems in Rat Diaphragms 


Vol. 234, No. 10 


preciation to Mrs. Penelope M. Ashmead for her invaluable 
assistance in the performance of this work. 


REFERENCES 
1. SHaw, W. N., anv Srapige, W. C., J. Biol. Chem., 227, 115 
(1957). 
2. Stapie, W..C., Hauecaarp, N., Hruis, A. G., AND Marsu, 
J. B., Am. J. Med. Sci., 218, 275 (1949). 
3. Stapie, W. C., HauGaarp, N., Marsu, J. B., anp HI.1s, A, 
G., Am. J. Med. Sci., 218, 265 (1949). 
4. Stapie, W. C., HauGaarp, N., anp Vauauan, M., J. Biol. 
Chem., 199, 729 (1952). 
5. Mack.er, B., anp Guest, G. M., Proc. Soc. Exptl. Biol. Med., 
83, 327 (1953). 
. Hers, H. G., J. Biol. Chem., 214, 373 (1955). 
. Levine, R., anp GoupsteINn, M. S., Recent Progr. in Hormone 
Research, 11, 343 (1955). 
8. Park, C. R., anp Jounson, L. 
(1955). 


am 


H., Am. J. Physiol., 182, 17 





—E 





Tue Je 


Th 
path 
Seve! 
inves 
Gang 
studi 
utiliz 
ways 
a sim 
of th 
tion. 


M 
on B 
by i 
appe 
medi 
Dife 
ml, 
Willi 
cond 
wate 
The 
exce’ 
out | 
a rot 
30°). 
the | 
lized 
tive 
fuge 
with 
sodin 
it w 
stric 
repl: 
tions 

Ky 
grov 
from 
plac 
mye 
dow 
refri 
phos 

is 
erob 
nece 








». 10 


lable 


none 


17 





—— 





Tue JoURNAL OF BioLoeicaL CHEMISTRY 
Vol. 234, No. 10, October 1959 
Printed in U.S.A. 


Pathways of Glucose Dissimilation by Streptomyces olivaceus 


P. K. Marrra Anp S. C. Roy 


From the Department of Applied Chemistry, University College of Science and Technology, Calcutta 9, India 


(Received for publication, February 6, 1959) 


There is considerable evidence for the existence of alternate 
pathways of glucose dissimilation in microbial systems (1). 
Several organisms belonging to the genus Streptomyces have been 
investigated by some workers (2, 3). Hockenhull et al. (4), 
Ganguly and Roy (5), and Wang et al. (6) have particularly 
studied Streptomyces griseus and showed that this organism 
utilizes both the glycolytic and the hexose monophosphate path- 
ways for the metabolism of glucose. In the present investigation 
isimilar study has been made on Streptomyces olivaceus, a species 
of the same genus that is exploited industrially for the produc- 
tion of vitamin Bye (7). 


METHODS 


Microbiological—S. olivaceus NRRL B-1125 was maintained 
on Bennett’s agar slants (8) containing 2 p.p.m. of added Co++ 
by incubating at 25° for 4 to 5 days until heavy black spores 
appeared. Two fermentation media were chosen: (a) a complex 
medium of acid hydrolysate of vitamin-free casein (9), 1 g; 
Difco beef extract, 0.3 g; glucose, 1 g; and distilled water, to 100 
ml, and (6) a synthetic medium described by Dulaney and 
Williams (10). Unless otherwise stated fermentations were 
conducted in the complex medium. The glucose solution (or 
water) was sterilized separately and added before inoculation. 
The inoculum medium was the same as the complex medium 
except that glucose was not added. Incubations were carried 
out with 100 ml of media in 500-ml Erlenmeyer flasks placed on 
arotary shaker (120 r.p.m.) at room temperature (approximately 
30°). Each flask contained four 2-mm glass beads to prevent 
the formation of large pellicles. Sodium iodoacetate was steri- 
lized by passage through a Berkefield filter. A 48-hour vegeta- 
tive growth of S. olivaceus in the inoculum medium was centri- 
fuged aseptically at 0-4° and the packed cells were washed twice 
with and resuspended in the original volume of sterile 0.85% 
sodium chloride solution. A 4-ml homogeneous suspension of 
it was used to inoculate 100 ml of fermentation medium. Re- 
striction of air supply was achieved in some experiments by 
replacing cotton plugs with sterile rubber stoppers (5); fermenta- 
tions conducted in this way have been referred to as anaerobic.’ 

For the estimation of metabolites during different periods of 
growth the broth was spun at 3,000 x g at 0° to separate cells 
from the liquid medium and the clear supernatant solution was 
placed at —15° before analysis. For manometric experiments 
mycelia from each flask were collected by centrifugation, washed 
down thrice with sterile 0.85% sodium chloride solution in a 
refrigerated centrifuge, suspended in 100 ml of sterile potassium 
phosphate buffer (0.067 m, pH 7.2) and incubated on a rotary 

1 Since the organism is highly aerobic, rigid conditions for ana- 


erobic atmosphere (95% nitrogen and 5% carbon dioxide) were not 
necessary. 


shaker at room temperature for 24 hours in 500-ml Erlenmeyer 
flasks containing glass beads. By this process the cells were 
partially depleted of their endogenous oxidizable materials (11) 
which otherwise mask the effect of added substrates on respira- 
tion. Aseptic conditions were maintained throughout the 
starvation procedure. The starved cells were washed twice with 
cold 0.85% sodium chloride solution and suspended in phosphate 
buffer unless stated otherwise. The effect of the suspending 
medium on the over-all oxidative process was studied by carrying 
out the starvation in 0.85% potassium chloride solution instead 
of in phosphate buffer. 

Cell-free extract was prepared from acetone-dried 24-hour 
cells as described earlier (12). Extracts for assaying kinase 
activity however, were prepared by disrupting the cells in a 
mechanical shaker (13). For this purpose a mixture of 8 g of 
cell paste, 8 g of fine glass beads, and 8 ml of 0.05 m Tris? buffer, 
pH 7.6, was shaken thrice for a 30-second period each and was 
cooled in ice in between. The supernatant solutions in all cases 
were obtained after spinning at 20,000 x g for 20 minutes and 
were used as the source of enzymes. 

Analytical—Glucose in the fermentation fluid was estimated 
by Shaffer and Somogyi’s method (14) and nitrogen by the micro- 
Kjeldahl procedure as described by Ma and Zuazaga (15). 
Phosphorus analysis including barium fractionation and analyses 
of phosphorylated intermediates were carried out according to 
LePage (16) and Ganguly and Roy (5). Protein in crude ex- 
tract was determined by the method of Warburg and Christian 
(17). Pentose and heptulose were determined by Horecker’s 
modification (18) of Mejbaum’s orcinol reaction (19), with 
p-ribose as the pentose standard; in as much as heptulose was 
unavailable, the values of absorbance given by Horecker et al. 
(20) for sedoheptulose were used under experimental conditions 
which yielded the same values of absorbance (within 2%) for the 
arabinose standard. The cysteine-carbazole reaction (21) was 
used for the detection of ketopentoses and ketohexoses. Triose 
phosphate was determined as alkali-labile phosphate (22) with 
dihydroxyacetone phosphate as the standard. Fructose was de- 
termined by Roe’s modification (23) of the Seliwanoff reaction 
(24), as described by LePage (16). Paper chromatography of 
keto acids was carried out by the method of El Hawary and 
Thompson (25). Glucose-6-P dehydrogenase and 6-P-gluconate 
dehydrogenase were assayed by TPN reduction at 340 my in 
presence of the respective substrates. Kinases were assayed by 
measuring the disappearance of acid-labile phosphorus (26) and 
the evolution of carbon dioxide from bicarbonate in the presence 
of ATP (27). Oxygen consumption was determined by the con- 
ventional manometric procedures (28). All spectrophotometric 


2 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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Fic. 1. Aerobic and anaerobic dissimilation of glucose by Strep- 
tomyces olivaceus during growth on a complex medium. 





TABLE I 
Utilization of phosphorus by Streptomyces olivaceus 
during its propagation in complex medium 
Results are expressed as yg of phosphorus per ml of broth; at 
each time period the data shown in the upper row represent 
aerobic and those in the lower row anaerobic conditions. 











Fermentation 
Inorganic Total 
Medium Period 

hr. 
Glucose added 0 92.5 150.0 
92.5 150.0 
24 72.5 120.0 
88.5 136.5 
48 69.0 80.0 
85.0 128.0 
72 31.0 72.5 
81.0 135.0 
96 27.5 57.5 
78.5 132.0 
No addition 0 103.5 161.0 
103.5 161.0 
24 86.5 131.5 
90.5 140.5 
48 80.0 125.0 
85.5 129.0 
72 68.0 117.0 
79.5 126.5 
96 65.0 103.5 
78.0 125.0 








measurements were made at room temperature (approximately 
30°) with a Beckman model DU spectrophotometer with the 
use of quartz cuvettes of 1-cm light path. 

Chemicals—The calcium salts of 6-P-gluconate, fructose-di-P, 
and dihydroxyacetone phosphate were obtained from Bios 
Laboratories; DPN and TPN and the barium salts of glucose-6-P 
and fructose-6-P, Nutritional Biochemicals Corporation; sodium 
ATP and barium salt of ribose-5-P, Schwarz Laboratories; p- 
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chloromercuribenzoate and GSH, Sigma Chemical Company, 
The barium and the calcium salts were converted to potassium 
salts by shaking with Amberlite IR-120 (H*) followed by 
neutralization with potassium hydroxide. To _ recrystallize 
iodoacetic acid a concentrated solution of the substance jp 
petroleum ether (60-80°) was shaken with several pellets of 
metallic mercury until the solution was colorless. On removal 
of the precipitated mercuric iodide by filtration, iodoacetic acid 
crystallized in the cold as white flakes. Commercial carbazole 
was purified by sublimation. C*-1 and C'-6 labeled glucose 
were supplied by the Radiochemical Centre, Amersham, England, 

Isotope Experiments—Carbon dioxide was collected in 20% 
potassium hydroxide, precipitated in the presence of carrier as 
barium carbonate, and plated in stainless steel planchets, 
Radioactivity measurements were carried out in a windowless 
gas flow counter with an M5 semiautomatic sample changer 
(model 182 X scaler, Nuclear-Chicago) and corrections were 
made for self-absorption and background. Hydrazones of keto 
acids were counted directly on the chromatograms with an end 
window type Geiger-Miiller counter. 

RESULTS 

Utilization of Glucose and Phosphorus by Growing Cells—The 
utilization of glucose by S. olivaceus during its propagation was 
studied by measuring the remaining glucose in the fermenting 
fluid at various stages of growth. Results (Fig. 1) show that 
under aerobic conditions about 94% of the glucose is utilized 
after 120 hours, while anaerobically about 50% is utilized in the 
same period. 

The effect of glucose on the uptake of phosphorus from the 
medium by the organism during its growth was next investigated. 
The results (Table I) show that the utilization of phosphorus in 
presence of glucose under aerobic conditions is considerably 
higher than that occurring’ either anaerobically or in absence of 
added glucose, even taking into account the mycelial weight 
during the stages of growth. 

The effect of some glycolytic inhibitors on the utilization of 
phosphorus and elaboration of the various phosphate esters 
during the propagation of S. olivaceus was next studied. Results 
in Table II indicate that the utilization of phosphorus is appre- 
ciably depressed in the presence of these inhibitors. For in- 
organic phosphorus there is approximately 50% inhibition with 
iodoacetate and arsenate, and approximately 66% with fluoride, 
whereas the concentration of phosphate esters (Table IIT) such 
as P-glycerate is decreased with iodoacetate and increased with 
arsenate; with fluoride the level of phosphorylenolpyruvate is 
lowered. These results are in agreement with previous observa- 
tions on the site of action of these three inhibitors of glycolysis 
(29). 

Experiments with Intact, Nongrowing Cells—In Fig. 2 is shown 
the effect of the concentration of extracellular phosphorus on the 
oxygen uptake by resting cells when the endogenous phosphorus 
was reduced to a minimum by starvation. That the oxygen 
uptake continues even when phosphorus is removed from the 
incubation medium might possibly be due to an intracellular 
level of free phosphate which remains even when the cells have 
been starved in phosphate-free medium; or it may be that 4 
nonphosphorylating pathway for glucose oxidation exists. 

The next experiment was performed with a view of studying 
the role of the hexose monophosphate shunt pathway in glucose 
catabolism during the growth of the organism. Iodoacetate was 
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slected as the specific inhibitor of glycolysis; since with iodo- 
acetate (10-m) triose phosphate accumulation (Table III) was 
observed, this concentration was chosen for the study of the 
oxidation of glucose by the resting cells harvested at the various 
periods of growth. S. olivaceus grown in complex medium for 
yarious periods of time was starved as previously described and 
the oxygen uptake with glucose as the substrate was followed 
in presence and absence of iodoacetate. Ribose as well as 
gluconate were used as substrates to see whether the iodoacetate- 
insensitive respiration with glucose was related in any way to 
the oxidation of gluconate or ribose. Results (Fig. 3) indicate 
a close parallelism between the iodoacetate-insensitive respiration 
with glucose (which is approximately 50% of the total, 2.e. 
unimpaired respiration with glucose) and the respiration with 
ribose and gluconate up to the 48-hour period. It was also 
found that inhibition of glucose oxidation by iodoacetate was 
not significantly affected by increasing the incubating period 
up to 3 hours. 

lodoacetate is known to inhibit the glycolytic process (29) 
and is supposed to have no significant effect on the enzymes of 
the hexose monophosphate shunt pathway (30). It can be seen 
(Fig. 3) that the oxidation of ribose and also gluconate resembles 
that of glucose in presence of iodoacetate. 

Experiments with Use of Cell-free System—The operation of the 
hexose monophosphate shunt pathway necessitates the oxidation 
of intermediates of this cycle by cell extracts. Glucose-6-P, 
§-phosphogluconate, ribose-5-P, and fructose-6-P were found to 
be oxidized by crude extracts of S. olivaceus (Fig. 4). Omission 
of methylene blue or TPN, or both, resulted in greatly decreased 
rate of oxygen uptake. Since with ribose-5-P there was a lag 
period, this substrate is presumably converted to some other 
compound before oxidation takes place. 

The reduction of pyridine nucleotides in crude extracts was 
studied with glucose-6-P and 6-P-gluconate as substrates. Re- 
sults (Fig. 5) indicate that the extract contains TPN-linked 
dehydrogenases for glucose-6-P and 6-P-gluconate; DPN is 
inactive as shown in Fig. 5. 

In Table IV are shown results of a study of the action of 
iodoacetate and p-chloromercuribenzoate on the two dehydro- 
genases of the hexose monophosphate shunt pathway. It ap- 
pears that iodoacetate has little effect on either glucose-6-P or 
6-P-gluconate dehydrogenase and the small inhibition is not 
reversed by GSH. The experiments with p-chloromercuri- 
benzoate and on subsequent reactivation with GSH also fail to 
indicate the sulfhydryl nature of the two dehydrogenases. 

Crude extracts of S. olivaceus cleaved ribose-5-P and showed 
oxygen consumption in presence of TPN (Fig. 4). The metab- 
olism of ribose-5-P was further investigated and results are 
shown in Table V and Figs. 6 and 7. 

The results indicate that ribose-5-P is metabolized by crude 
extracts with the consequent formation of sedoheptulose, fructose 
and triose. At the start a ketopentose is formed as indicated 
(Fig. 6) by the observed rise in absorption at 545 my due to the 
chromogen formed in the cysteine-carbazole reaction. This is 
also borne out by the slightly increased absorption at 540 my 
(Fig. 7) of the incubation mixture subjected to the orcinol reac- 
tion. The orcinol reaction spectrum shows a decrease in the 
concentration of aldopentose (670 my) with time, indicating the 
removal of ribose from the reaction mixture (Table V), while 
the peak at 580 my (Fig. 7) presumably due to sedoheptulose 


becomes steeper during the first hour and lower slightly during 
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Taste II 
Utilization of phosphorus by Streptomyces olivaceus during 
96-hour growth in complez medium in presence or 
absence of inhibitors 
Results are expressed as per cent of phosphorus utilized. 








es ae Inhibitor Concentration case Total 
1 Sodium iodoacetate | 10-7*m =| «(35 38 
None 72 60 

2 Sodium arsenate 10-27m =6| 38 | 38 
None | 70 | 61 

3 Sodium fluoride 2xX10*m | 43 | 35 
None 64 | 61 


Taste III 
Phosphorylated intermediates in broth after 96-hour fermentation 
brought about by Streptomyces olivaceus in 
presence or absence of inhibitors 

Results are expressed as yg of phosphorus per ml of broth; 


fructose-6-P and fructose-di-P, however, are expressed as ug of 
the respective hexose esters. 
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io - a | & at 
a Concentrati 2/81a/8)e | BE 
No. nhibitor oncentration 8 $ : 8 Pi 44 
|B} e|2i}e] £ Bs 
| bie On o me | & a 
1 | Sodium 10°? m_=/12.1 | 2.2 | 0.9) 4.2)10.5 | 1.1 
iodoace- l 
tate | Pog 
| None | 6.2 | 6.7 | 1.2) 2.2) 4.5 | 1.3 
2 | Sodium 10-? a | 2.5 [12.8 | 1.1] 3.5 1.2 | 0.5 
| arsenate . | 
| None | 4.3 | 7.2 | 0.9) 2.6) 2.7 | 1.6 
3 | Sodium 2X 10-2 m | 4.9 {10.6 | 2.0) 3.1] 2.2 | 
| fluoride | | | 
| None | 5.6 | 5.7 | 2.5 1.8) 3.2 | 1.5 
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Fic. 2. Effect of buffer composition on the rate of oxygen up- 
take by resting cells of Streptomyces olivaceus. Cells were harvested 
at the end of the 24-hour growth. Manometric incubations were 
carried out at pH 7.2 in phosphate buffer of concentrations m/1.5, 
M/15, M/75, and mM/150 and in Tris buffer m/15, denoted by A,B, 
C,D, and E respectively with 0.5 ml of 0.1 m glucose. Tempera- 
ture was 37°, gas phase air, and shaker speed 120 strokes per 
minute. A 10-minute preincubation period was allowed before 
tipping in the contents from the side arm. Period of incubation 
was 30 minutes. @QO2(N) values are expressed as ul of oxygen up 
take per mg of cellular nitrogen per hour, after correcting for 
proper endogenous controls. 
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Fia. 3. Oxidation of some substrates by Streptomyces olivaceus 
during growth. Warburg vessels contained 2.0 ml of cell suspen- 
sion in buffer in the main compartment, 0.5 ml of 0.1 mM neutralized 
substrate in one side arm, 0.5 ml of neutralized inhibitor or water 
in the other side arm, and 0.2 ml of 20% potassium hydroxide on 
filter paper in central cup. Other details as in Fig. 2. 
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Fic. 4. Oxidation of intermediates of the hexose monophos- 
phate shunt pathway by crude extracts of Streptomyces olivaceus. 
The complete system contained 6 zmoles of substrate (G-6-P, glu- 
cose-6-P; R-5-P, ribose-5-P; 6-P-G, 6-phosphogluconate; F-6-P, 
fructose-6-P) in side arm, 20 ymoles of magnesium chloride, 0.1 
umole of methylene blue, 0.75 umole of TPN, and crude enzyme 
solution (12 mg of protein) in a total volume of 3.0 ml made up 
with 0.05 m glycylglycine buffer, pH 7.4, and 0.2 ml of 20% potas- 
sium hydroxide in the central cup on filter paper. Controls were 
without substrate and have been accounted for in calculating gas 


uptake. Equilibration before addition of substrate was 5 min- 
utes. Other details as under Fig. 2. 
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the subsequent periods (Table V). Fructose initially absent, 
begins to appear later in significant amounts and finally decreages 
again, probably through the action of the phosphohexoisomerage 
which is present in the reaction mixture (Fig. 8); the formation 
and disappearance of triose follow that of fructose. It is note. 
worthy (Table V), however, that even at the end of the first 60. 
minute incubation when heptulose, fructose, and triose are 
present in relatively high amounts, the sum total of the aboye 
three intermediates accounts for only approximately 50% of 
ribose metabolized. 
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Fig. 5. Reduction of pyridine nucleotide by crude extracts of 
Streptomyces olivaceus in presence of glucose-6-P (G-6-P) and 
6-P-gluconate (6-P-G). Each cuvette contained 40 yumoles of 
magnesium chloride, 50 wmoles of glycylglycine, 0.75 umole of 
TPN or DPN, and 1.5 ml of crude extract (equivalent to 4 mg of 
protein) in a total volume of 3.0 ml, pH 7.2. Reaction was started 
by adding 8 wmoles of substrate after the absorbance readings 
were constant. The control cuvette contained all additions ex- 
cept the substrate. 


TABLE IV 
Action of sulfhydryl inhibitors on glucose-6-P and 6-P-gluconate 
dehydrogenases of Streptomyces olivaceus 

Each cuvette contained 40 uymoles of magnesium chloride, 50 
umoles of glycylglycine, 0.75 umole of TPN, crude enzyme solu- 
tion (equivalent to 5 mg of protein), inhibitor solution, and 15 
umoles of GSH where indicated in a total volume of 3.2 ml. The 
inhibitors were added after the addition of enzyme and a 10- 
minute preincubation period was allowed before adding TPN and 
finally substrate. In reactivation experiments the enzyme and 
the inhibitor had been incubated together for 10 minutes, fol- 
lowed by another 10-minute incubation after the addition of 


GSH. Results are calculated in terms of the change in absorbance 
at 340 my in 5 minutes after the addition of substrate. Linearity 
of the reaction rate was obtained in each case. 
Results are expressed as per cent inhibition. 
Glucose-6-P | 6-P-gluco- 
Components dehydro- | nate dehy- 
genase drogenase 
Sodium iodoacetate, 10-3 6 8 
Sodium iodoacetate + GSH 5 8 
p-Chloromercuribenzoate, 6 X 10-5 m 20 5 
p-Chloromercuribenzoate + GSH 18 0 
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Since S. olivaceus apparently oxidizes glucose, ribose, and 
gluconate (Fig. 3), it seemed very probable that kinases for 
these substrates exist in cell-free extracts. This is borne out 
by the results in Table VI. 

Experiments with Labeled Glucose—Since the operation of the 
hexose monophosphate shunt pathway preferentially removes 
carbon 1 of glucose as carbon dioxide (31), a cell suspension 
provided with equal amounts of glucose-1-C™ and glucose-6-C™ 
would be expected to release more rapidly C“O2 from glucose- 
1-C4, if the cells metabolize glucose via the hexose monophos- 
phate shunt pathway. 

Experiments were performed with cells of S. olivaceus harvested 
after 24-hour growth on the synthetic medium of Dulaney and 
Williams (10). Resting cells were prepared by suspending the 
washed cells in 0.067 m potassium phosphate buffer (pH 7.2). 
These cells did not require incubation for depletion of endogenous 
substrate. In experiments with proliferating cells the whole 
cell suspension from the fermenting medium was pipetted to the 
Warburg flask and preincubated in the Warburg bath for 45 


TABLE V 
Time course study of pentose metabolism in crude 
extracts of Streptomyces olivaceus 
Reaction mixture contained: 20 umoles of ribose-5-P, 30 umoles 
of magnesium chloride and crude extract (20 mg of protein) in 














0.05 m Tris buffer, pH 7.4, in a total volume of 5.0 ml at 28°. For 
analysis 0.5 ml was removed at the indicated intervals. 
Time | Ribose Heptulose Fructose Triose 
A min pumoles mie —_ i 
0 21.2 0.0 0.0 0.1 
30 15.4 1.8 0.2 0.7 
60 13.0 1.9 0.8 0.7 
120 | 1.1 1.5 0.6 0.5 
0-4 | 
© OQ MINUTE | 
@ 15 MINUTES | 
4 90 9 
03 | 
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Fic. 6. Cysteine-carbazole reaction spectrum of incubation 
mixture containing ribose-5-P and crude extracts of Streptomyces 
olivaceus. Reaction mixture contained: 10 umoles of ribose-5-P, 
15 umoles of magnesium chloride, and crude extract (13 mg of 
protein) in a total volume of 4.0 ml made up with 0.05 m Tris buf- 
fer,pH 7.4. Other details as under Table V. Time periods noted 
indicate withdrawals of aliquots. 
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Fig. 7. Orcinol reaction spectrum of incubation mixture con- 
taining ribose-5-P and crude extracts of Streptomyces olivaceus. 
Reaction mixture contained crude extracts equivalent to 18 mg of 


protein. Other details as in Fig.6. Time periods noted indicate 
withdrawals of aliquots. 
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Fic. 8. Phosphohexoisomerase in crude extracts of Strepto- 
myces olivaceus. Complete system contained in 5.0 ml 20 umoles 
of glucose-6-P (G-6-P), 14 mg of protein (crude extract), and 220 
umoles of Tris, pH 7.2 at 30°. At the indicated intervals 0.2 ml 
was withdrawn for analysis. 


minutes, so as to minimize the effect of lag phase. Incubations 
were carried out in Warburg flasks having double side arms for 
30 minutes at 37° after tipping in the labeled substrates. Filter 
paper moistened with 0.2 ml of 20% potassium hydroxide was 
present in the center well of the flasks to absorb carbon dioxide. 
The reaction was terminated by tipping from a second side arm 
0.2 ml of 10 n sulfuric acid; a further 15-minute shaking period 
was allowed to insure complete absorption of carbon dioxide. 
The results (Table VII) indicate that on an average the con- 
tribution of the carbon 1 of glucose to the respiratory carbon 
dioxide is approximately twice that of carbon-6 in resting cells, 
whereas in proliferating cells it is nearly 5 times that amount. 
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TaBLe VI 
Kinase activity in crude eztracts of Streptomyces olivaceus 

The complete system contained: 20 wmoles of magnesium 
chloride, 20 umoles of ATP, 120 wmoles of sodium fluoride, 10 
pmoles of substrate, 30 wmoles of sodium bicarbonate and crude 
extract (11 mg of protein) made to 3.0 ml with 0.05 m Tris buffer, 
pH 7.6. The enzyme solution was preincubated with the fluoride 
for 5 minutes before the addition. The control system contained 
all additions except the substrate which was replaced by an equal 
volume of distilled water. In measuring the evolution of carbon 
dioxide all the components of the reaction mixture were previously 
saturated with a gas mixture of 95% nitrogen and 5% carbon 
dioxide at 37°; after a 5-minute period of temperature equilibra- 
tion the pressure inside the Warburg flask was released by opening 
the stopcock for a moment after which the substrates were tipped 
in from the side arm. Incubation was carried out in both cases 
at 37° for 30 minutes; in measuring labile phosphorus the reaction 
was terminated with 1 ml of 10% cold trichloroacetic acid and the 
clear supernatant was analyzed for 7-minute hydrolyzable phos- 








phorus. Results have been expressed after correcting for the 
control. 
en i fo | ‘ am <= ~ 
| Labile phosphorus Carbon dioxide 
Substrate disappeared evolved 
pumoles pumoles 
p-Glucose | 4.3 4.8 
p-Ribose 4.5 5.1 
p-Gluconate | 3.7 





3.3 


Tasie VII 
Oxidation of glucose by Streptomyces olivaceus 


Incubation mixture (2.0 ml) for resting cells contained a total 
of 0.4 mg of radioactive and carrier glucose in which glucose-1-C'™ 
and glucose-6-C™ had respectively 5.87 XK 105 and 5.18 X 105 
c.p.m. With proliferating cells where no carrier glucose was 
added the corresponding activities were 46.96 K 10° and 41.44 X 
10° c¢.p.m. Neutralized inhibitors were added to the main vessel 
at the beginning of the experiment. Batches of cells used were 
harvested on the same day. 

| Incubation condition 


! 

| 

| 

| . 
} Cin 





F premanerena etalon - C-1 
gs | ‘ | Substrate a | ce 
zs a Pal Inhibitor | a | —_ | tatio 
a | _ | 
| | mg | | % 
1 | Resting 0.48 None | G-1-C'™* |13.04 | 1.70 
pe | G-6-CF | 7.67 
| | Arsenite | 10-?m | G-1-C™ |18.50 | 9.96 
G-6-C™ | 1.91 
2 | Resting | 0.55) None G-1-C“ | 9.73 | 2.11 
| G-6-C™ | 4.61 
| Iodoace- | 10-?m | G-1-C™ [12.65 | 5.14 
tate G-6-C™ | 2.46 | 
3 | Resting | 0.33) None G-1-C™ | 3.35 | 1.86 
| G-6-C¥ | 1.78 | 
| Prolif- 0.07; None G-1-C™ | 0.31 | 5.17 
erating G-6-C™ | 0.06 | 


a Glucose-1-C"*. 
t Glucose-6-C". 


Moreover, the ratio C-1:C-6 (per cent of radiochemical yield 
from glucose-1-C“ to that from glucose-6-C™) is increased re- 
spectively 6 and 2.5 times the normal in the presence of arsenite 
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(10-* m) or iodoacetate (10-* Mm). Pyruvate was also assayed 
for its radioactivity (Table VIII) and it was found that pyruvate 
derived from glucose-6-C™ contained considerably more counts 
than that from glucose-1-C™. 


DISCUSSION 


The evidence presented here for the pathways of glucog 
dissimilation has been derived from experiments with growing 
cells, resting cells and finally with cell-free systems, avoiding 
emphasis on a single mode of study which, as has aptly beep 
pointed out by Racker (32), is subject to serious limitations. 

The importance of phosphorylation in glucose dissimilation 
by S. olivaceus has been shown in experiments recorded both for 
growing and nongrowing cells (Table I and Fig. 2). With the 
former cells some presumptive evidence has been presented for 
the dissimilation of glucose through glycolysis, although the 
question remains open whether inhibitors might invoke an 
altered metabolism. Inhibition by iodoacetate of glucose oxida- 
tion in resting cells also indicates the operation of a glycolytic 
pathway. If this inhibitor blocks triose phosphate dehydro- 
genase (29) at the concentration used, the “‘iodoacetate-resistant” 
oxidation indicates the existence of a nonglycolytic pathway, 
The parallelism observed between the rate of oxygen uptake with 
ribose and gluconate and the iodoacetate-insensitive respiration 
with glucose as substrate (Fig. 3) offers further indirect evidence 
for the operation of the hexose monophosphate shunt pathway 
in this organism. However, any interpretation of iodoacetate 
effect in terms of selective inhibition of glycolysis at the triose 
phosphate dehydrogenase stage requires a demonstration that 
the enzymes of the hexose monophosphate shunt pathway in 
S. olivaceus are not sulfhydryl enzymes. The results shown in 
Table IV demonstrate the resistance of the two dehydrogenases 
to iodoacetate. This is in agreement with the findings of Bon- 
signore et al. (33) who studied pentose metabolism in rat liver 
homogenates, although in some system divergent observations 
have been reported (34-36). 

The experiments on pentose metabolism recorded here do not 
demonstrate directly the presence of all the enzymes of the 
hexose monophosphate shunt pathway (37), although there is 
strong indirect evidence for the operation of some of the enzymes 
involved in rearranging the respective phosphorylated pentose 
The ketopentose arising from ribose-5-P 
might be either ribulose-5-P or xylulose-5-P or both, indicating 
the possibility of the participation of phosphoriboisomerase ot 
phosphoketopentose 3-epimerase, or both. Furthermore the 
formation of fructose and triose in the incubation mixture con- 
taining ribose-5-P indicates the participation of transketolase and 


sugar intermediates. 


Taste VIII 

Incorporation of C'* in pyruvate during catabolism of labeled 
glucose by resting cells of Streptomyces olivaceus 

Details as in text. 

taken for incubation in presence of arsenite (10-* m). 

aliquots were taken for chromatography. 


Two uc of each type of labeled glucose were 
Equal 


Substrate Radioactivity 
c.p.m. 
Glucose-1-C'* 315 
Glucose-6-C!4 1475 
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transaldolase. However, there is a possibility of the formation 
of other products in view of the discrepancy (Table V) between 
the amount of ribose metabolized and the products that appear. 
The kinases for glucose, gluconate, and ribose in unadapted cells 
can direct these free sugars into the cyclic process of glucose-6-P 
oxidation. 

The isotopic studies designed to make an appraisal of the 
hexose monophosphate shunt pathway in S. olivaceus indicate 
that this pathway of glucose metabolism does exist in resting 
cells, although in proliferating cells the extent of its participation 
is distinctly greater, as evidenced from the higher C-1:C-6 ratio. 
The results further indicate that in presence of iodoacetate or 
arsenite an apparently higher value for the C-i:C-6 ratio is 
attained due to low carbon dioxide outputs from the carbon 6 
of glucose. But this might also be due to an increased participa- 
tion of the C-1 pathway, in spite of the distinct inhibition of 
glucose disappearance in presence of these inhibitors. It appears 
that with the blocking of the Embden-Meyerhof-Parnas-tri- 
carboxylic acid cycle pathway, the cell metabolizes more glucose 
than it normally does through the hexose monophosphate shunt 
pathway, so that though glucose utilization is inhibited the 
carbon dioxide release from carbon 1 of glucose is increased. The 
greater radioactivity in the pyruvate derived from glucose-6-C™ 
in comparison with that from glucose-1-C™ is a further evidence 
of a C-1 preferential cleaving of glucose during its pathway to 
pyruvate. 


SUMMARY 


The pathways of glucose dissimilation by the proliferating 
and resting cells of Streptomyces olivaceus and its cell-free extracts 
have been investigated. Aerobic condition favors the utilization 
of both glucose and phosphorus more than the anaerobic, whereas 
the process is considerably suppressed by glycolytic inhibitors, 
resulting in accumulation of fructose 1,6-phosphate and triose 
phosphate in the presence of iodoacetate, and of phosphoglyceric 
acid in the presence of arsenate or fluoride. Resting cells oxidize 
glucose rapidly in a high phosphate medium and in presence of 
iodoacetate the rate of oxidation is about half. A parallelism 
between the iodoacetate-resistant oxidation of glucose and the 
oxidation of ribose or gluconate has been observed with organisms 
obtained during the first 48 hours of growth. A study of crude 
cell-free extracts indicates the presence of the following enzymes: 
glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehy- 
drogenase, gluco-, ribo-, and gluconokinases, and phosphohexo- 
isomerase. Indirect evidence has been obtained for phospho- 
riboisomerase, phosphoketopentose 3-epimerase, transketolase, 
and transaldolase. The operation of the hexose monophosphate 
shunt pathway in growing and nongrowing cells of S. olivaceus 
has also been shown by the use of labeled glucose. 
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A procedure has been developed for the study of mucopoly- 
saccharide biosynthesis in which the hexosamine moieties are 
isolated after direct acid hydrolysis of the whole tissues. Thus, 
many of the difficulties involved in prior isolation and purifica- 
tion of the acid mucopolysaccharides are avoided. In this 
method, the hexosamine fraction is purified by adsorption and 
elution from two cation exchange resin columns. It can be 
analyzed further for its p-glucosamine and p-galactosamine con- 
tent by incubation with whole bakers’ yeast, which quantita- 
tively removes the glucosamine. 

These methods have been applied to the study of mucopoly- 
saccharide formation from radioactive glucose in the intact 
isolated bovine cornea. Evidence has been obtained for the in- 
corporation of radioactivity into both the glucosamine and 
galactosamine moieties of the mucopolysaccharide polymers. 
This incorporation was found to be stimulated several fold by 
the addition of L-glutamine, further substantiating the role of 
this compound as donor of the amino group for hexosamine forma- 
tion. 


EXPERIMENTAL 


Materials and Methods—Uniformly labeled C'-glucose (1 me 
per mmole) was obtained from the Volk Chemical Company. 
The algal protein hydrolysate (122 we per mg) was purchased 
from the Nuclear-Chicago Corporation. p-Glucosamine hy- 
drochloride (Pfanstiehl) was recrystallized from ethanol-water 
(3). pv-Galactosamine hydrochloride was obtained from the 
Nutritional Biochemicals Corporation. The L-glutamine was 
obtained commercially and was chromatographically pure. 

The Blix-Elson-Morgan analyses for hexosamine (4) were run 
in 125 X 16-mm Pyrex tissue culture tubes with Teflon-lined 
screw caps. The heating with acetylacetone was carried out at 
89-92° (5). Reagents for development of chromatograms were 
those previously described (6). 

Isolation of Hexosamines from Cornea—When minced corneas 
were heated at 100° in 4 Nn HCl, constant yields of hexosamine 
varying from 13.3 to 19.6 umoles per gram wet weight were 
found over times ranging from 4 to 16 hours. These samples 
were adsorbed and eluted from Dowex 50 (H*) columns before 
analysis by the Dische-Borenfreund indole method (7). In later 
experiments, hydrolysis periods of 16 hours were used with in- 
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tional Institute of Neurological Diseases and Blindness, United 
States Public Health Service, and a Fight for Sight Grant from 
the National Council to Combat Blindness, Inc., New York. Pre- 
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t Present address, Department of Biophysics, Johns Hopkins 
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dividual corneas, since Gardell (8) had reported other amino. 
sugar products from corneal mucopolysaccharides subjected t 
shorter periods of hydrolysis. 

By elution with 0.75 n HCI from a Dowex 50 (H*) column, the 
hexosamines were recovered quantitatively, whereas the bulk of 
the amino acids were retained by the resin (9). Thus the amino 
acid concentration was reduced to levels with which a second 
column could deal efficiently. It should be particularly noted 
that the basic amino acids are completely removed by sucha 
procedure (9). Final purification of the hexosamines was 
achieved by adsorption and elution from a Dowex 50 (NH¢ 
column by washing first with 0.2 mM ammonium acetate (pH 55 
followed by elution with 0.5 Mm ammonium acetate (pH 6.9) 
This was a modification of the procedure reported by Eastoe (10, 
11). 

The efficiency of the final procedure adopted was tested by 
running a mixture of pure hexosamines and a uniformly labeled 
radioactive algal protein hydrolysate through the two columns 
The results of three experiments, including one without added 
hexosamine, are shown in Table I. Of the hexosamine added, 
¢ was recovered together with no more than 0.2% of the 
added radioactive amino acids. In other experiments, 95 t 
100% of the added hexosamine has been recovered. The small 
residual radioactivity may have been caused by traces of amin 
acids not removed by the columns, but more probably was the 
result of the presence of small amounts of radioactive hexosa- 
mines. Hexosamine recently has been reported to be present 
in a concentration of 3.3% in the cell walls of Chlorella (12) 
Further confirmation was obtained with radioactive hexosamine 
fractions isolated by this procedure from corneas (see late 
section). 


“as 


Individual corneas, after incubation, were rinsed 
thoroughly with water and blotted dry with filter paper. Each 
cornea was placed in a 75 X 16-mm Pyrex tissue culture tube 
containing 1 ml of 4 N HCl, sealed with a Teflon-lined screw-cap, 
and heated in an oven at 96-100°. After 16 hours the corneas 
were completely disintegrated, but some brownish black insolubk 
material was formed. 

Next a group of columns was prepared containing 10 ml 0 
Dowex 50 (H*) resin. Pyrex columns of 14-cm length and 12 
mm inside diameter calibrated for 5 and 10 ml and with a reser- 
voir above of 50-ml capacity were convenient for this procedure 
Large volumes of resin were prepared by washing Dowex 5 
resin (H+ form, X12, 200 to 400 mesh) through 3 cycles of 4% 
KOH and 4 n HCl with water in between, followed by water 
until the eluate was neutral. A flow rate of approximately If 
drops per minute was obtained without additional pressure, but 
should not be critical. After allowing the columns to drain, the 


Procedure 


individual corneal hydrolysates were placed on the columns ant 
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the tubes rinsed with three 1 ml portions of water. In the 
presence of 1 ml of 4 Nn HCl, the hexosamine fraction was com- 
pletely adsorbed by 10 ml of resin. It was possible to run large 
numbers of samples with no difficulty by allowing the columns to 
drain completely between each addition. Each column was 
washed with 50 ml of water (pH 4.5) to remove completely non- 
amino compounds, followed by 7.5 ml of 0.75 n HCl. The 
hexosamines were eluted with 15 ml of 0.75 n HCl, collected in 
95-ml Erlenmeyer flasks, and lyophilized, after freezing, in a 
large vacuum desiccator connected by large bore tubing to the 
dry ice trap. The desiccator contained silica gel and sodium 
hydroxide in the bottom. 

“Each residue was dissolved in 1 ml of water and placed on a 
column containing 5 ml of Dowex 50 resin (NH4*+ form, X8, 
-400 mesh). Analytical grade resin (from California Corpora- 
tion for Biochemical Research) was prepared by washing through 
acyele of 4 N NHs, water, and 4 n HCl, followed by water, 4 Nn 
NH;, and finally water until the eluate was neutral. After 
rinsing the samples onto the resin with three 1 ml portions of 
water, the columns were washed with 30 ml of 0.2 mM ammonium 
acetate (pH 5.5). The hexosamines were eluted with 15 ml of 
0.5 Mammonium acetate (pH 6.9) and these fractions lyophilized. 

The radioactivity was determined on an aliquot of this ma- 
terial by counting in a windowless flow counter, and the hexosa- 
mine in another aliquot by the Blix-Elson-Morgan procedure. 
The weights of samples were sufficiently small so that all counting 
was done at infinite thinness. Results were expressed as counts 
per minute incorporated per umole of hexosamine. 

Separation of Glucosamine and Galactosamine—A quantitative 
method was developed by utilizing the property of whole bakers’ 
yeast to metabolize p-glucosamine but not p-galactosamine. 
When glucosamine disappearance was studied as a function of 
time with dried yeast, the uptake surprisingly stopped before 
complete utilization (see Fig. 1). Furthermore, even when large 
amounts of the dried yeast were used, only about 90% of the 
glucosamine was utilized (see Fig. 2). Apparently the glucosa- 
mine was phosphorylated by the yeast hexokinase (13), but then 
accumulated as the phosphate or at some other stage, thus in- 
hibiting further uptake. 
on this subject. 


The literature is somewhat confusing 
Sternfeld and Saunders (14) have reported that 
Saccharomyces cerevisiae did not ferment glucosamine, whereas 
Lutwak-Mann (15) reported oxygen uptake and ammonia pro- 
duction both aerobically and anaerobically by suspensions of 
bakers’ yeast acting on either glucosamine or galactosamine. 
Nevertheless, under our conditions, glucosamine was always 
utilized and no disappearance of galactosamine was measurable. 

It was possible to work out a simple procedure with fresh 
bakers’ yeast in which the glucosamine was quantitatively re- 
moved and the galactosamine was not. A study of the action of 
200 mg of fresh yeast on 1 umole of glucosamine as a function of 
time showed that 97% could be utilized and that there was no 
further disappearance after 45 minutes (Fig. 1). Further study 
of the effect of yeast concentration on the removal of 1 umole of 
glucosamine in 1 hour showed that more than 99% was utilized 
by 600 mg of cells (Fig. 2). This has been found reproducible 


with five different batches of yeast. 

Procedure—After being carried through the resin columns de- 
sribed in the previous section, or only through the first column 
ifonly the quantities of each hexosamine were desired, the total 
hexosamine content was determined in the final lyophilized 
Another aliquot, containing up 


eluate by the Blix procedure. 
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TaBLe [ 
Efficiency of analytical method in removing amino acids 
from algal protein hydrolysate 
Approximately equal mixtures of nonlabeled glucosamine hy- 
drochloride and galactosamine hydrochloride were mixed with 
the radioactive amino acids in Experiments 1 and 3. 
amine was added in Experiment 2. 


No hexos- 

















| Amino acid radioactivity Hexosamine | 
ae | Column Eluate soonail — 
Initial - - | Initial Final 
; A | B | 
a Se S$ | —__ | 2 
c.p.m. c.p.m. c.p.m. % pumoles | pmoles % 
1 | 685,000 | 33,000 | 1,200 | 99.8 | 6.26 | 4.83 | 7 
2 | 990,000 | 55,000 | 1,500 | 99.8 
3 1,240,000 | 5,000 | 1,100 | 99.9 | 5.88 | 4.53 77 
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Fic. 1. Time-course of p-glucosamine utilization by dried and 
fresh bakers’ yeast. Flasks containing 1 umole of p-glucosamine 
were incubated at 30° and 70 oscillations per minute for different 
time intervals before analysis. Dry yeast: 18 mg weight, 0.086 m 
sodium phosphate buffer (pH 7.5), final volume of 3.5 ml, analysis 
by Dische-Borenfreund indole method. Fresh yeast: 200 mg 
weight, 0.033 m sodium phosphate buffer (pH 7.5), final volume of 
3 ml, analysis by Blix test. 


60 o 
120 e 


to 1 umole of glucosamine, was placed in a volume of 1.5 ml of 
water in a 25-ml Erlenmeyer flask. Two ml of a yeast sus- 
pension (600 mg wet weight) were added to each flask. The 
suspension was prepared by washing 15 gm of fresh bakers’ yeast 
(Fleischmann) four times with distilled water, with centrifuga- 
tion at 4° between each washing. The yeast finally was sus- 
pended uniformly in 25 ml of 0.1 m sodium phosphate buffer 
(pH 7.5) and brought to a volume of 50 ml with water. 

The stoppered flasks were incubated for 1 hour in a constant 
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Fig. 2. Effect of yeast concentration on utilization of p-glu- 














cosamine. Glucosamine, 1 yzmole, in each flask; final volume was 
3 ml and 0.033 m in sodium phosphate (pH 7.5). Analyses by Blix 
method. 
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Fig. 3. Analysis of different concentrations of p-galactosamine 
hydrochloride after yeast separation method with and without 
the addition of p-glucosamine. For the highest level of galactosa- 


mine, one-half the usual sample volumes were analyzed and these 
readings doubled for the graph. 
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temperature shaker at 30° and 70 oscillations per minute. After 
removing the yeast by centrifugation at 4°, 1-ml aliquots of the 
supernatant fluids were analyzed for hexosamine. Centrifugg. 
tion usually was repeated to ensure complete removal of the 
yeast. With each run a galactosamine standard (e.g. 0.9 umole) 
plus yeast was included in duplicate to correct for any losses by 
evaporation, for effects of phosphate on the colorimetric de 
termination, and for possible nonequilibration with the large 
volume of yeast cells. A yeast control, which gave an absorbance 
of less than 0.01, and a glucosamine control (1 umole) plus yeast 
also were included to ensure the complete removal of the glu 
cosamine. The commercial yeast was stable for several weeks 
when stored at 4°. 

The galactosamine content was calculated, employing the in- 
ternal galactosamine standard, from the hexosamine concentra- 
tion after yeast action. It was assumed that the extinction co- 
efficients of glucosamine and galactosamine in the Blix test were 
identical (16, 17). The glucosamine concentration was cal- 
culated as the difference in hexosamine concentration before and 
after yeast action. 

When the method was tested with different levels of galactosa- 
mine, identical color yields were obtained in the presence or ab- 
sence of 1 umole of glucosamine (see Fig. 3). The results of 
analyses of various synthetic mixtures of the hexosamines by this 
procedure, summarized in Table II, showed very close agree- 
ment with the theoretical values. The method also was checked 
on four samples of blood group substances, kindly supplied by 
Dr. E. A. Kabat. These had been analyzed previously by 
chromatographic separation of the dinitropheny] derivatives of 
the respective aminohexitols resulting from reduction of the 
aminosugars (18). The results shown in Table III indicate fair 
agreement between the two methods, neither of which gives 
absolute values for the respective aminosugar composition. 

The limiting factor in the precision of the method apparently 
is the reproducibility of the Blix test. As a matter of routine, 
total hexosamines were determined in triplicate, and two aliquots 
of each sample were incubated with yeast and analyzed in dupli- 
cate. Two to 4 uwmoles of total hexosamine (0.43 to 0.86 mg of 
the hydrochlorides) usually were sufficient for a complete analysis 
of each sample. This varied, of course, with the relative com- 
position of the unknowns. It has been possible to utilize the 
method for analysis of samples one-fifth this size by correspond- 


TABLE II 


Analysis of mixtures of aminosugars 





Added Found 





Glucosamine | Galactosamine Glucosamine Galactosamine 








pmoles/ml pmoles/ml 
0 | 0.67 0* | 0.67* 
1.00 1.01 0.99 0.99 
1.00 0.32 0.99 0.34 
1.00 4.04 1.07 4.03 
37t | 63t 35t, 35° | 65t, 65°F 





* These samples were adsorbed and eluted from a 10 ml Dowex 
50 (H*) column before analysis. The pure galactosamine sample 
was first hydrolyzed for 2 hours in 2 N HCl in a boiling water 
bath. 

+ Percentage composition. 
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ingly reducing the volumes used in the yeast reaction and in the 
Blix color reaction. 

A washed sample of yeast stored frozen was equally effective 
in removing the glucosamine, but gave higher blank values. At- 
tempts to further increase the sensitivity of the method by 
utilizing a micro sugar method were not successful because of the 
liberation of reducing material from the yeast during incubation. 
One point not determined was whether the yeast completely re- 
moved the glucosamine molecules from solution or merely de- 
aminated or otherwise altered them so that there was no color 
reaction. Tests with radioactive hexosamine mixtures (see later 
section) indicated the probable complete removal of the mole- 
cules. 

Action of Yeast on Mannosamine—Comb and Roseman (19, 
90) recently have reported the formation of N-acetyl-p-man- 
nosamine by the action of a bacterial enzyme on N-acetyl- 
neuraminic acid and of a liver enzyme system on uridine di- 
phosphate N-acetylglucosamine. Of a 1.34 wmole sample of 
crystalline D-mannosamine hydrochloride, kindly supplied by 
these authors, 0.85 umole was removed by the yeast under the 
conditions of the present method. Thus, this procedure may be 
adaptable for the quantitative analysis of mixtures of galactosa- 
mine and mannosamine. 

Incorporation of C'-glucose into Corneal M ucopolysaccharides— 
The techniques described were used to study the incorporation 
of uniformly labeled C-glucose into corneal mucopolysac- 
charides, which comprise about 2% of the dry weight of this 
tissue (21). Individual bovine corneas, obtained from the eyes 
of freshly slaughtered cattle, were incubated in 3 ml of Krebs- 
Ringer bicarbonate buffer (22) containing p-glucose with or 
without L-glutamine in Parafilm-sealed 30-ml beakers at 38° and 
with a shaking speed of 70 oscillations per minute. At the 
termination of each experiment, the individual corneas were 
rinsed several times in water, and carried through the isolation 
procedure for hexosamines. 

The results of several experiments in which corneas were in- 
cubated with uniformly labeled glucose with and without the 
addition of t-glutamine are summarized in Table IV. It can be 
seen that there was a large incorporation of C™ label into the 
hexosamine fraction. There was negligible incorporation in re- 
action mixtures containing boiled corneas, flasks kept at 0°, and 
a zero time control. Each specific radioactivity represents the 


Taste III 
Comparative analyses of blood group substances 
Samples were first hydrolyzed for 2 hours in 2 N HCl in a boil- 
ing water bath. They were then adsorbed on a 10-ml Dowex 50 
(H*) column, washed with water, eluted with about 25 ml of 0.75 
N HCl, and lyophilized before analysis. Two different samples 
of Preparation ‘“‘Hog 16”’ were analyzed. 





Method of Leskowitz 


and Kabat (18) _ | Present method 














Preparation —~— — 
Glucos- | Galactos- | Glucos- Galactos- 
amine amine amine amine 
— oe co wae co 7 or 7 | or r= 
Cc c | /0 | /0 
ee sia 57 43 | 58 (57) | 42 (43) 
Horse 6-15%.............. 69 31 67 | 33 
Saliva, W.H..-10%........ | 61 39 55 45 
Horse 5-25%.............-:1 


53 47 45 | 55 
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TaBLe IV 
Incorporation of uniformly labeled C'*-glucose 
into corneal hexosamines 
Incubation temperature of 38° unless otherwise stated. The 
glutamine concentration was 2.9 mm except where indicated 
Each specific radioactivity represents the analysis of an indi- 
vidual cornea. In Experiment 3a, corneas were preincubated 1 
hour at 38° in Krebs-Ringer bicarbonate buffer before additions 
shown. Results with duplicate corneas are shown in parentheses. 





Hexosamine radioactivity 

















——- Glucose added Incubation time -=- 0 — 
| No glutamine Plus glutamine 
a pe (| a hrs ~ hile c.p.m./pmole , 

1 | 0.33 | 1.1 | 1 | 74 41 
}0.33 }11) 2 | 100 260 
0.33 }1.1 | 25 | 182 | 320 
| 0.165 | 0.55 | 2 | 169 
0.495 | 1.65 | 2 453 
| 0.338 | 1.1 | 2.5 (at 0°) | 30 
| 0.33 1.1 | 2 | 167* 
| | | } 

2 |0.33 |11 | 4 126 (156) | 420 (434) 
0.33 ;} 1.1 | 4 (at 0°) 26 
} | | | 

3a 0.33 | 1.1 | 4 | 543 (577) 1200 (1078) 
10.33 | 1.1 | 4 (boiled | 17, 119 

| corneas) 
3b | 6.0 | 2.2 4 | 


260 (280) 473 (485)t 








1.45 mm. 
2.7 mM. 


* Glutamine concentration = 
{ Glutamine concentration = 


analysis of an individual cornea, and there was surprisingly good 
agreement among duplicates. The addition of t-glutamine 
produced a large stimulation in the rate of glucose incorporation. 
To test the possibility that the glutamine was serving simply as 
an additional energy source, an experiment was run in which a 
large excess of nonlabeled glucose was added. In Experiment 
3b of Table IV, one can see that the same stimulation by gluta- 
mine was observed with and without nonlabeled glucose addition. 
Bostrém et al. (23) previously had found stimulation of sulfate 
incorporation into cartilage slice mucopolysaccharides by an un- 
known liver factor, which was identified as t-glutamine. Similar 
results were obtained with labeled glucose incorporation (24). 
The most probable explanation for these stimulations by glu- 
tamine is an increased rate of glucosamine 6-phosphate formation 
from hexose 6-phosphate and L-glutamine by an enzymatic re- 
action known to occur in extracts of Neurospora crassa and ani- 
mal tissues (25, 6). This enzyme has now been found to occur 
in extracts of bovine corneal epithelium, as can be seen in Table 
V. The aminotransferase was present in the 18,000 x g super- 
natant fluid and had a specific activity of 1.2 umoles per hour 
per g of wet weight of corneal epithelium and 0.024 umole per 
hour per mg of protein. These values were of comparable levels 
with those found in other mammalian tissue extracts (6). 
Confirmation of Presence of Radioactivity in Both Aminosugars— 
When a purified radioactive corneal hexosamine sample was 
chromatographed on Whatman No. 1 paper in butanol-acetic 
acid-water (4:1:5, upper phase) only one ninhydrin band was 
found and in a position almost identical with hexosammonium 
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TABLE V 


Glucosamine 6-phosphate formation from hexose 6-phosphate 
and glutamine in corneal epithelium 


The corneal epithelium was removed from cattle eyes by scrap- 
ing with a spatula, washed in 0.9% NaCl, and collected by cen- 
trifugation. After homogenization in 2 volumes of 0.154 m KCl 
(pH 7.2, containing 0.012 m glucose 6-phosphate and 0.001 m 
ethylenediaminetetraacetate) per g of wet weight, the homogenate 
was centrifuged 90 minutes at 18,000 X g. Incubation with hex- 
ose 6-phosphate and L-glutamine (15 wmoles per ml) for 2 hours 
at 38° in phosphate buffer (pH 7.5). Analysis as previously de- 
scribed (6). Controls consisted of incubated samples minus 
glutamine, the amino acid being added just before precipitation 
with trichloroacetic acid. 

















tae att | | é 
a -* | Hexose 6-phosphate a” al ~~ 
pmoles/ml | pmoles/ml 
Homogenate | glucose 6-phosphate 10 0.13 
18,000 X g glucose 6-phosphate § | 0.15 
supernatant fluid | glucose 6-phosphate 10 0.16 
fructose 6-phosphate 5 0.14 
fructose 6-phosphate 10 | 0.16 
18,000 X g precip- | glucose 6-phosphate 10 0.03 
itate | fructose 6-phosphate | 10 0.02 
TaBLeE VI 


Radioactivity and concentration of hexrosamines in acid 
extracts of corneas incubated with C'4-glucose 
Each cornea was incubated for 4 hours at 38° with glucose (0.33 
mM, 1.1 wc) and glutamine (2.9 mm) in Krebs-Ringer bicarbonate 




















buffer. See text for other details. 
Total c.p.m. Hexosamine (Specific radioactivity 
Experi- eiipicmdamaitice, | 
ment " lan . | . | | 
ae - a =a | Residue ma |Residue |Extract A | Residue 
we pmote | wmoles| — 6.m/umale 
1 | 1,190 | 200 | 30 | 5,120 | 0.06 | 12.9 | 19,000 | 397 
2 1,400 | 670 | 275 | 7,420 | 0.07 | 6.69) 19,000 | 1,110 
3 805 | 435 | 225 | 4,830 | 0.04 8.10) 19,000 597 





acetate standards. The eluate from this area contained the 
hexosamine and had a specific radioactivity of 469 ¢.p.m. per 
pmole of hexosamine as compared with a value of 387 before 
chromatography. Another sample, when degraded to pentose 
by the procedure of Stoffyn and Jeanloz (26) and chromato- 
graphed in butanol-ethanol-water (4:1:1) revealed two spots 
with aniline hydrogen phthalate of identical Rr values with 
p-arabinose and p-lyxose standards. These spots and approxi- 
mately equivalent portions above, between, and below were ex- 
tracted with water and the eluates plated and counted. Sig- 
nificant radioactivity of approximately equal values was found 
only in the portions corresponding to the respective pentoses. 
Confirmation also was obtained with the yeast separation 
method. With four different radioactive corneal hydrolysates, 
39 to 58% of the radioactivity was left in solution after yeast 
action. Two other samples were reisolated on Dowex 50 (H*) 
columns after incubation and removal of the yeast and the 
specific radioactivity of the galactosamine determined. Values 
of 215 and 410 c.p.m. per umole of galactosamine were obtained 
compared to 320 and 453 for the original hexosamine sample. 
Thus, this evidence further supports the labeling of both 
hexosamine moieties, with a larger incorporation into the glucosa- 
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mine. It should be mentioned that pure radioactive samples of 
glucosamine and galactosamine were not available to test in the 
yeast method, and some of the glucosamine radioactivity might 
have been carried through the galactosamine isolation procedur 
This possibility seems remote, however, since the amounts 9 
radioactivity and hexosamine removed from solution by incubg. 
tion with yeast were of the right order of magnitude. 

Evidence for Localization of Radioactivity in High Polymers~ 
The results presented so far indicate that radioactive glucose was 
rapidly incorporated into the hexosamine moieties, but tel 
nothing of the compounds into which the glucose was going 
Previous experiments had shown that there is very little acid. 
extractable hexosamine in the bovine cornea, and it was probabk 
that the bulk of the radioactivity would be present in acid. 
insoluble material. 

This assumption was verified as follows. Two corneas, after 
incubation with radioactive glucose and glutamine, were ey. 
tracted for six successive 5-minute periods with 5 ml-portions of 
0.6 N HCIO, in the mechanical device of Friedenwald and Moses 
(27). This extraction device, which works upon the principle of 
squeezing the tissue, has been shown to be extremely efficient in 
removing soluble material from the cornea. 
traction, the supernatant fluid was pipetted off and filtered, and 
each two successive extracts combined. After neutralization and 
removal of the bulk of the perchlorate as insoluble KCI, by 
filtration at 4°, the extracts and the cornea residue were lyo 
philized and each hydrolyzed for 19 hours in 1 ml of 4 n HClat 
94-100°, and subsequently carried through the hexosamine isok- 
tion procedure. The results obtained in this experiment ar 
shown in Table VI, Experiment 1, and the results of two similar 
experiments with 0.5 Nn HCl as the extractant in the other tw 
columns. After three extractions 97 to 99% of the hexosamine 
and 76 .9 78% of the radioactivity still remained in the residue 
The amounts of hexosamine in the soluble extracts were extremely 
small in all cases and only the maximum value for the first extract 
is tabulated. 

The specific radioactivity in the first soluble extract of 19,00 
was much higher than that of the remaining residue. This value 
which is a minimal one, represents the radioactivity of the 
hexosamine moieties of acid-soluble compounds which are prob 
able precursors of hexosamine polymers and includes uridin 
5’-diphosphate N-acetylhexosamine, which previously was show 
to be present in extracts of bovine corneal epithelium (28 


Glucosamine 6-phosphate, which was removed by the first columf 


washing, was not in this fraction (6). 

The insoluble residue contained the bulk of the hexosamin 
radioactivity, which presumably was present in acid mucopoly- 
saccharide polymers which remained insoluble because of linkage 
to protein. Whether these bindings are covalent in addition t 
ionic is not yet known. The corneal residue of Experiment i 
was found to contain both glucosamine and galactosamine whe 
analyzed by the yeast separation method. 


DISCUSSION 


A rough calculation of the rate of glucose incorporation int 
the acid mucopolysaccharides may be made with certain # 
sumptions. If one takes the average weight of the bovine cornei 


as 0.5 g (29) and assumes equilibration of the added radioactiv 
glucose with a glucose pool level of 100 mg per 100 g (30), value 
of 0.008 to 0.012 umole of glucose incorporated into acid-t 
soluble hexosamine per cornea per 4 hours are obtained. 
presumably are minimal values. 
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Three different acid mucopolysaccharides have been isolated 
from cattle corneas by Meyer et al. (21, 31). The one present 
in highest concentration was keratosulfate, a polymer of N- 
gcetylglucosamine, galactose, and sulfate. In addition, a 
chondroitin sulfate, a polymer of N-acetylgalactosamine, glu- 
eronate, and sulfate, and a chondroitin with a very low sulfate 
content were found. Since incorporation of radioactivity was 
found in both hexosamine moieties, it is probable that these 
polysaccharides are in an active state of metabolism in the adult 
cornea. Previous studies also have shown that radioactive 
sulfate is incorporated into the acid mucopolysaccharides in 
isolated corneas (32). The higher specific radioactivity found in 
glucosamine would be as expected if uridine 5’-diphosphate 
V-acetylglucosamine is the precursor of uridine 5’-diphosphate 
V-acetylgalactosamine (33, 34), the hexosamine moieties sub- 
sequently being incorporated into mucopolysaccharides from 
these nucleotides. This assumes approximately equal concen- 
trations of the hexosamines to be present in the cornea (50% 
keratosulfate, 50% chondroitins (21)). 

The acid mucopolysaccharides and collagen fibers are presumed 
to be intimately involved in maintaining the transparency and 
structure of the cornea. One of their major functions is in 
keeping a proper water balance. Since collagen has essentially 
no turnover in the adult (35), it is probable that many of the 
metabolic diseases leading to loss of transparency of the cornea 
may be linked to enzymatic defects in mucopolysaccharide 
metabolism. Of particular interest for future studies would be 
investigations of enzymatic derangements in mucopolysaccharide 
metabolism in familial and nonfamilial corneal dystrophies, as 
well as in corneal mucinous dystrophy and cases of hyaline and 
amyloid degeneration of the cornea (36). 

Mucopolysaccharides have now been shown to be formed by 
many specialized mammalian tissues including synovial cells 
37), mast tumor cells (38), cartilage (24), and the nucleus 
pulposus (39). Thus it appears that these polymers are syn- 
thesized at the sites where they occur and not by transport from 
The metabolic defects existing in many 
of the connective tissue and collagen diseases also may be found 
in disturbances of mucopolysaccharide metabolism, which in- 
directly or directly affect the physical properties of the collagen- 
mucopolysaccharide tissue framework. 


SUMMARY 


1. Methods have been developed for the direct isolation and 


' eparation of p-glucosamine and p-galactosamine from tissues 


after acid hydrolysis. The hexosamine fraction was obtained in 
pure form by adsorption and elution from two cation exchange 
resin columns. The glucosamine and galactosamine contents 
were analyzed and separated by incubation with bakers’ yeast, 
which specifically removed the glucosamine. 

2. These methods have been applied to the study of muco- 
polysaccharide biosynthesis in isolated bovine corneas, and 
evidence is presented for the incorporation of radioactive glucose 
into both of the hexosamine moieties. The rate of incorporation 
was stimulated several fold by the addition of L-glutamine. 

3. Most of the hexosamine radioactivity was found in the acid- 
insoluble residue of cornea, presumably in the form of high 
molecular weight mucopolysaccharides. 


4. An enzyme forming glucosamine 6-phosphate from p- 
h 


hexose 6-phosphate and L-glutamine was found in soluble ex- 
tracts of corneal epithelium. 
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In the course of a study on the oxidation of various aldehydes 
by glyceraldehyde 3-phosphate dehydrogenase (1), it was ob- 
served that aged preparations of glycolaldehyde 2-phosphate in- 
hibited strongly the activity of glyceraldehyde 3-phosphate 
dehydrogenase. Differences in inhibitory potency of several 
orders of magnitude were noted between various batches. A 
synthetic preparation, kindly supplied by Dr. C. E. Ballou, had 
no effect even at relatively high concentrations; however, a solu- 
tion of the same preparation after several months of storage con- 
tained a potent inhibitor. A study of the conditions leading to 
the formation of inhibitor, revealed that it was rapidly formed 
from glycolaldehyde 2-phosphate in 1 N NaOH at room tempera- 
ture. Isolation and analysis of the inhibitor showed it to be a 
tetrose diphosphate. It is the purpose of this paper to report on 
the preparation of the tetrose diphosphate and on the mechanism 
of its inhibitory action on glyceraldehyde 3-phosphate dehydro- 
genase. 


EXPERIMENTAL 


Enzymes—Glyceraldehyde-3-P dehydrogenase from muscie (1) 
and from yeast (2) was prepared as described previously. A 
crystalline muscle preparation was also obtained from Boehringer 
and Soehne, Mannheim, Germany, and had about one-half of 
maximal activity on arrival in this laboratory. Glycerate-3-P 
kinase, aldolase, pyruvate kinase, lactate dehydrogenase, alcohol 
dehydrogenase, and a mixture of triose-P isomerase and a- 
glycero-P dehydrogenase were also purchased from Boehringer. 
Potato acid phosphatase was prepared according to Kornberg! 
and stored at pH 5.4. Aldehyde dehydrogenase (3), trans- 
ketolase, and transaldolase (4) were prepared as described pre- 
viously. 

Substrates—Glycolaldehyde was obtained from the Aldrich 
Chemical Company; pi-glyceraldehyde was a product of the 
Concord Laboratories; calcium salts of glycolaldehyde-2-P and 
p-glyceraldehyde-3-P were prepared as described elsewhere (5). 
Another preparation of glycolaldehyde-2-P, p-erythrose-4-P 
(both as the diacetals) and p-arabitol-1 ,3-di-P were generously 
supplied by Dr. C. E. Ballou. A synthetic preparation of the 
barium salt of pt-glyceraldehyde-3-P diacetal was given to us by 


* This work was supported by Grant No. C-3463 from the Na- 
tional Institutes of Health, United States Public Health Service. 

+t Permanent address, Department of Biochemistry, The Hebrew 
University-Hadassah Medical School, Jerusalem, Israel. 

1A. Kornberg, unpublished procedure; one unit is defined as 
the amount of enzyme that catalyzes the breakdown of 1 umole of 
ribose-5-P per hour. 
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the Schwarz Laboratories, Inc. Glycerate-1,3-di-P was pre- 
pared by Dr. I. Krimsky (6). <A preparation of p-threose-2 ,4 
di-P was made from p-arabitol-1 ,3-di-P by periodate oxidation 
according to Fluharty and Ballou.2 pi-Glyceraldehyde-3-P and 
p-erythrose-4-P were prepared from the diacetals by the following 
procedure: 40 mg of the barium or the cyclohexylamine salt were 
added to a suspension of 400 to 500 mg of Dowex 50 H+ in 3 ml 
of water and immersed in a boiling water bath for 3 minutes, 
During this period the resin was prevented from settling by in- 
termittent shaking of the tube or by passing a stream of nitrogen 
through the solution. This procedure yielded between 44 to 45% 
of p-glyceraldehyde-3-P as measured by glyceraldehyde-3-P 
dehydrogenase, representing 90% of the theoretical yield since 
the L-isomer is not reactive in this test. On the basis of total P 
of the diacetal the procedure of hydrolysis with Dowex 50 H+ 
gave a yield close to 100%. All other phosphate esters were 
prepared as described previously (7) and converted to the sodium 
salts with Dowex 50 Na*. 

Analytical Methods—Glyceraldehyde-3-P and erythrose-4-P 
were determined enzymatically (8); the latter was also measured 
colorimetrically (9). Glycolaldehyde-2-P was treated with 
potato acid phosphatase and the product was analyzed colori- 
metrically (10) as well as with alcohol dehydrogenase and DPNH. 
Pentose (11), hexose, and heptose (12), heptose (13), lactic acid 
(14), orthophosphate, and total organic P (15) were analyzed 
according to procedures described in the references. Iodine 
oxidation of aldehydes was measured by the procedure of Me- 
Leod and Robison (16) as adapted to a microscale by Hestrin? 

Spectrophotometric measurements were carried out in a final 
volume of 1 ml in microquartz cells with a light path of 10 mm. 
Optical density was read in a DU Beckman spectrophotometer 
at 340 mu unless specified otherwise. 

RESULTS 

Preparation and Analysis of Tetrose di-P—A solution contain- 
ing 785 umoles of glycolaldehyde-2-P in a final volume of 7.2 
ml was placed in a nitrogen atmosphere and 0.8 ml of 10 N 
NaOH was added through a fine capillary tube. After incuba- 
tion at 25° for 20 minutes, 0.8 ml of 10 N HCl was added and the 
mixture adjusted to pH 6.0. Addition of 10 ml of 1 m calcium 
acetate and 12.5 ml of ethanol resulted in a precipitate which 
was washed sequentially with 50% ethanol, absolute ethanol, 
and ether and was then dried in a vacuum (268 mg). Analysis 

2 We wish to thank Dr. Ballou and Mr. Fluharty for making 


this information available to us before publication. 
3S. Hestrin, unpublished procedure. 
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at this stage revealed that about 40% of the starting material 
had been converted into tetrose di-P whereas about 60% of the 
organic P remained as glycolaldehyde-2-P. Separation from 
glycolaldehyde-2-P was accomplished by descending chroma- 
tography on large Whatman No. 3 papers with n-butanol- 
propionic acid-H.O (100:50:70) as solvent. After 24 hours at 
room temperature the papers were dried and sample strips were 
sprayed for the detection of phosphate esters according to 
Bandurski and Axelrod (17). The slower moving component 
was eluted with water and analyzed. An aliquot containing 5.54 
ymoles of organic phosphate was incubated with 33 (Kornberg) 
units' of phosphatase at pH 5.5in the presence of 5 umoles of MgCl- 
ina final volume of 2 ml. After 3 hours at 37° the mixture was 
deproteinized with 5% trichloroacetic acid and analyzed for 
tetrose. D-Erythrose-4-P served as standard after similar treat- 
ment with phosphatase. The sample contained 2.74 umoles of 
tetrose corresponding to a P:tetrose ratio of 2.0. The prepara- 
tion gave negative tests for glycolaldehyde, pentose, hexose, and 
heptose. The free sugar was chromatographed on paper with 
two solvents systems used by Dickens and Williamson (18) for 
the chromatography of tetroses. The Rp in phenol (0.66) and 
in butanol-acetic acid (0.43) was the same as that of the standard 
erythrose obtained by dephosphorylation of p-erythrose-4-P. 
The absorption spectrum of the color in the reaction of Dische 


» and Dische (9) was identical with that obtained with standard 


erythrose. The tetrose di-P preparation was completely re- 


‘sistant to oxidation by periodate as measured spectrophoto- 


metrically (19). This observation indicates that the compound 
does not contain two adjacent hydroxyl groups. Esterification 
of tetrose at carbon 2 and 4 are therefore the most probable 
positions for the organically bound phosphates. Oxidation of 
tetrose di-P with iodine (16), proceeded only very slowly. It 
can be seen from Table I that at a time when glyceraldehyde-3- 
P or erythrose-4-P gave oxidation values close to theoretical, less 
than 30% of the tetrose di-P had reacted. Glycolaldehyde-2-P 
reacted in a similar manner in this procedure. Both glycolalde- 
hyde-2-P and tetrose di-P gave theoretical values when treated 
with phosphatase before iodine oxidation, thus indicating that 
esterification of the hydroxy] next to the aldehyde group retards 
the rate of iodine oxidation. In most experiments in this paper 
the above described preparation was used and is referred to as 
tetrose di-P. The term p-threose di-P has been used only in the 
description of recent experiments which were actually carried 
out with the p-threose compound. 

Inhibition of Glyceraldehyde-3-P Dehydrogenase by Tetrose di-P 
—Very low concentrations of tetrose di-P inhibited the oxidation 
of glyceraldehyde-3-P, as shown in Table II. After treatment 
with potato phosphatase, over 99% of the inhibitory action was 
lost. Freshly prepared solutions of glycolaldehyde-2-P, p-ery- 
throse-4-P, and ribulose di-P were also comparatively ineffective. 
On the other hand p-threose-2,4-di-P was found to be a more 
potent inhibitor than the mixture of tetrose di-P isomers.” 

As shown in Table II, the oxidation of glyceraldehyde by 
glyceraldehyde-3-P dehydrogenase was also inhibited by tetrose 
di-P. Since the rate of glyceraldehyde oxidation is slow, large 
amounts of enzyme were used, and more tetrose di-P was re- 
quired to produce inhibition than necessary for glyceraldehyde- 
+P oxidation. The reason for this relation between the concen- 
tration of enzyme and inhibitor will become apparent from the 
mode of action of tetrose di-P to be discussed later. In contrast, 
the oxidation of glyceraldehyde by liver aldehyde dehydrogenase 
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TABLE I 


Iodine oxidation of tetrose di-P, glycolaldehyde-2-P, 
and erythrose-4-P 











Compound umoles 4 na 30 
pmoles 
I oie ve dedtacs caw enetiuas 0.90 0.25 
I ion hr hvckeako wee vabeliees 1.80 | 0.54 
Tetrose di-P after phosphatase treat- | 
eS eee sacueaceatiee 0.82 | 0.87 
Glycolaldehyde-2-P........ 1.83 | 0.57 
Glycolaldehyde-2-P...... ~ 3.66 | 1.12 
Glycolaldehyde-2-P after phosphatase | 
ee | 1.19 1.30 
Glycolaldehyde-2-P after phosphatase | 
treatment. ........... | a | 8m 
Glyceraldehyde-3-P........ 2.03 1.90 
pg SS 1.29 1.25 





tested under identical conditions was completely resistant to the 
action of inhibitor as shown in Experiment 3 of Table II. Tet- 
rose di-P had no effect on alcohol and lactate dehydrogenase. 
Aldolase, transaldolase, and transketolase enzymes, known to 
act on erythrose-4-P, were not inhibited at low concentrations of 
tetrose di-P. 

Oxidation of Erythrose-4-P and Tetrose di-P by Glyceraldehyde- 
3-P Dehydrogenase—It has been reported (20) that erythrose-4-P 
is oxidized by glyceraldehyde-3-P dehydrogenase. However, 
some doubts regarding this finding have been expressed (21). As 
shown in Fig. 1, synthetic erythrose-4-P is oxidized to comple- 
tion in the presence of large amounts of glyceraldehyde-3-P 
dehydrogenase. The values for erythrose-4-P obtained by this 
procedure are in excellent agreement with the values obtained 
with the transaldolase assay (8). 

As shown in Fig. 2 the oxidation of erythrose-4-P was slightly 
stimulated by arsenate at pH 8.6. The course of oxidation of 
tetrose di-P took an entirely different course. There was an 
initial rapid oxidation stoichiometric with the amount of DPN- 
enzyme added. With commercial enzyme, between 1.0 to 1.5 
umoles of DPNH were formed per 140 mg of protein (1 umole). 
With freshly prepared enzyme, approximately 3.0 uwmoles of 
DPNH were formed per umole of enzyme. At pH 8.6, but not 
at pH 7.1, the initial rapid rate of p-threose di-P oxidation was 
followed by a slow rate of DPN reduction which proceeded 
until the oxidation of p-threose di-P was completed (Fig. 2). 
With tetrose di-P preparations the reaction stopped when close 
to one-half of the added ester was oxidized. This finding is 
not surprising in view of the fact that glyceraldehyde-3-P de- 
hydrogenase acts only upon the p-isomer of glyceraldehyde- 
3-P and since the chemical aldol condensation of glycolaldehyde- 
2-P would be expected to yield a mixture of two p- and two 
L-isomers of tetrose di-P. In contrast to glyceraldehyde-3-P and 
erythrose-4-P the oxidation of p-threose di-P was not stimulated 
by arsenate. That the absorption of 340 my was actually due 
to formation of DPNH was shown by its reoxidation on addition 
of potassium pyruvate and lactate dehydrogenase. 

Effect of High DPN Concentrations on Rate of Substrate Oxida- 
tion—In the course of these studies it was found that large 
amounts of DPN accelerate the rate of oxidation of glyceralde- 
hyde-3-P by glyceraldehyde-3-P dehydrogenase. As shown in 
Fig. 3, the addition of 5.7 umoles of DPN per ml not only ac- 
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TaBLeE II 
Specificity of tetrose di-P inhibition of glyceraldehyde-3-P dehydrogenase 


The complete system contained in a final volume of 1 ml the following reagents: 50 umoles of tris(hydroxymethyl)aminomethane § 
pH 8.5; 5 umoles of sodium arsenate; 1 ug of glyceraldehyde-3-P dehydrogenase; and 0.45 umole of DPN. 


generated from 5 umoles of fructose di-P by 50 ug of aldolase. 
ase were used (Experiment 2). 
used and arsenate was omitted (Experiment 3). 

















: | 4 Optical 
——_ Additions Concentration | Substrate Enzyme bp fe 
minute 
M 

1 None Glyceraldehyde-3-P Glyceraldehyde-3-P dehydrogenase 0.100 
Tetrose di-P 9.0X 107 | Glyceraldehyde-3-P Glyceraldehyde-3-P dehydrogenase 0.038 

Same after phosphatase 8.8 X 10-5 | Glyceraldehyde-3-P Glyceraldehyde-3-P dehydrogenase 0.087 
Glycolaldehyde-2-P 1.0 X 10-3 Glyceraldehyde-3-P Glyceraldehyde-3-P dehydrogenase 0.088 
irythrose-4-P 8.1 xX 10-5 | Glyceraldehyde-3-P Glyceraldehyde-3-P dehydrogenase 0.087 
Ribulose di-P 1.0 X 10-5 Glyceraldehyde-3-P Glyceraldehyde-3-P dehydrogenase 0.092 

2 None Glyceraldehyde Glyceraldehyde-3-P dehydrogenase 0.050 
Tetrose di-P 2.05 X 10-6 Glyceraldehyde Glyceraldehyde-3-P dehydrogenase 0.027 
Tetrose di-P 4.10 X 10° | Glyceraldehyde Glyceraldehyde-3-P dehydrogenase 0.016 

3 None | Glyceraldehyde Liver aldehyde dehydrogenase 0.092 
Tetrose di-P 2.05 X 10-5 | Glyceraldehyde Liver aldehyde dehydrogenase 0.092 


TaBLeE III 
Effect of tetrose di-P on reduction of glycerate-1,3-di-P 

In a final volume of 1 ml the following reagents were added: 
30 zmoles of sodium pyrophosphate buffer, pH 8.6, and 0.1 umole 
of DPNH; in Experiment I, 4 wmoles of ATP; 2 umoles of MgCl.; 
100 ug of glycerate-3-P kinase; 0.31 ug of glyceraldehyde-3-P de- 
hydrogenase; and the reagents indicated in the table; in Experi- 
ment II, ATP, MgCloe, and glycerate-3-P kinase were omitted. 


A Optical 
Experiment 








Tetrose di-P | Glycerate-3-P | density at 340| Inhibition 
| my per minute 
M . pmoles | % 
I 0 fl | 0.130 | 
1.64 X 10-5 | 3 0.060 | 54 
0 | 30 0.140 
1.64 K 10-5 | 30 0.112 | 20 
Glycerate- 
| 1,3 di-P } 
— | 
II 0 | 0.179 0.124 | 
1.64 K 10-5 0.179 0.072 | 42 
0 | 1.190 0.146 | 
1.64 10° | 1.190 0.122 | 17 








celerated the rate of oxidation, but also maintained it for a 
considerable time. Under these conditions, the assay procedure 
became more dependable and the rate of DPNH formation was 
proportional to enzyme concentration. That the observed 
phenomenon was not due to instability of the enzyme at low 
concentrations of DPN was shown by addition of 5.7 umoles of 
DPN after the reaction with 0.38 umole per ml had almost 
ceased (Fig. 3). In view of other experimental observations, it 
was suspected that the decline in rate was due to accumulation 
of DPNH. A dismutation between glyceraldehyde-3-P oxida- 
tion and pyruvate reduction in the presence of excess lactate 
dehydrogenase was therefore carried out with the same amount 


of glyceraldehyde-3-P dehydrogenase. Under these conditions 
1.4 umoles of lactic acid* were formed both at low and high DPN 
concentrations after 30 minutes at room temperature. The 
expected amount of lactic acid for the 30-minute period would 
be 1.8 uwmoles if the initial rates of oxidation at high DPN (Fig. 
3) had been maintained and below 0.3 umole at the low DPN 
concentration. It therefore appeared likely that the effective 
maintenance of the oxidation rate at low DPN concentration in 
the dismutating system was due to the removal of DPNH. A 
similar, though less pronounced, product inhibition due to DPNH 
was observed when arsenate was used instead of phosphate. 

Mechanism of Inhibition by Tetrose di-P—Since tetrose di-P 
was a substrate for glyceraldehyde-3-P dehydrogenase, its mode 
of action as an inhibitor of glyceraldehyde-3-P oxidation was 
thought at first to be one of simple competition. However, it 
was puzzling that erythrose-4-P, which was oxidized at approxi- 
mately the same rate, was not an effective inhibitor. As shown 
in Fig. 4, kinetic analysis revealed that the inhibition was not 
competitive with regard to glyceraldehyde-3-P. Moreover, the 
inhibition became more pronounced at higher DPN concentra- 
tions. With 5.7 x 10-* m DPN, the K,, value for p-glyceral- 
dehyde-3-P in the presence of arsenate and 0.03 m pyrophos- 
phate buffer pH 8.6 was found to be 4.0 « 10-4 m. The K; 
value for tetrose di-P under these conditions was 2.4 x 107. 
Since only half of the tetrose-di-P reacted with the enzyme as 
shown above, the corrected value® for the K; is 1.2 x 107 
The K; values in the presence of orthophosphate were some- 
what higher than with arsenate and the K; values at DPN 
concentrations below 5 X 10-4 Mm increased to values exceeding 
10-* m. It should be pointed out here that some of the curious 
findings such as the increased inhibition at higher DPN level 
were later readily interpreted in the light of the mode of ac- 

* These analyses were carried out with the technical assistance 
of Mr. E. Katsoulis. 


5 Recent experiments with p-threose-2,4-di-P gave a value for 
K; = 1.1 X 1077 Mo. 


Glyceraldehyde-3-P was & 
With glyceraldehyde (111 yzmoles) as substrate, 38 ug of the dehydrogen. 
In the case of the liver aldehyde dehydrogenase, 780 ug of protein and 111 ymoles of substrate were | 
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tion of tetrose di-P. In view of the rapidly decreasing rate of 
reaction of glyceraldehyde-3-P oxidation the K; determinations 
at low DPN concentration are considered less accurate and 
are therefore not recorded. The back reaction from glyc- 
erate-1 ,3-di-P to glyceraldehyde-3-P was considerably less sen- 
sitive to the inhibitor, relatively high concentrations of tetrose 
di-P being required to produce a significant inhibition (Table 
III). Moreover at higher concentrations of glycerate-1 ,3-di-P 
either generated from glycerate-3-P and ATP or added di- 
rectly, even higher concentrations of tetrose di-P were required. 
The inhibition of arsenolysis of glycerate-1 ,3-di-P (1) similarly 
required higher concentrations of tetrose di-P; e.g. at 2 x 10-5 
y there was a 32% and at 5 & 10-° m there was a 74% inhibition 
of arsenolysis. 

Formation of Inhibitor-Acyl Enzyme—The decrease of inhibi- 
tion at higher concentration of glycerate-1 ,3-di-P suggested the 
possibility that this compound may displace a stable di-P- 
tetronyl-P group from the enzyme. The formation and stability 
of acyl enzyme formed in the presence of tetrose di-P was there- 
fore investigated both spectrophotometrically and by isolation of 
the acyl enzyme (22). The spectrophotometric study of acyl 
enzyme formation was made possible by the observation reported 
by Chance (23) that at 405 my the absorption due to DPN- 
enzyme can be measured without interference due to DPNH 
absorption. Thus the formation of acyl enzyme could be 
measured by the decreased absorption at 405 mu whereas DPNH 
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Fic. 1. Spectrophotometric measurement of erythrose-4-P 
oxidation by glyceraldehyde-3-P dehydrogenase. The following 
reagents were added into a final volume of 1 ml: 18 ypmoles of 
sodium pyrophosphate buffer, pH 8.6; 15 wmoles of potassium 
usenate; 1.74 mg of glyceraldehyde-3-P dehydrogenase; 0.75 
umole of DPN and erythrose-4-P in the amounts shown in the 
igure. The broken line indicates the expected values for complete 
wxidation. These calculations were based on assays of erythrose- 
P by the transaldolase assay in solutions obtained by hydrolysis 
of the diethylacetal derivatives (78% yield from the dry cyclo- 
texylammonium salt was obtained with this preparation). 
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Fig. 2. Oxidation of erythrose-4-P and p-threose di-P by glye- 
eraldehyde-3-P dehydrogenase. The following reagents were 
added into a final volume of 1 ml: 50 umoles of sodium potassium 
phosphate buffer, pH 7.1; or 30 uzmoles of sodium pyrophosphate 
buffer, pH 8.6; 1.8 mg of glyceraldehyde-3-P dehydrogenase 
(Boehringer) ; 0.1 umole of DPN and 0.065 umole of p-threose-2, 4- 
di-P or 0.041 zmole of erythrose-4-P. 
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Fic. 3. Effect of DPN concentration on oxidation rate of 
glyceraldehyde-3-P by glyceraldehyde-3-P dehydrogenase. In a 
final volume of 1 ml the following reagents were added: 30 umoles 
of sodium pyrophosphate buffer, pH 8.6; 15 umoles of potassium 
phosphate, pH 8.5; 2.6 ug of glyceraldehyde-3-P dehydrogenase; 
50 wg of aldolase; 5 wmoles of fructose di-P and the amounts of 
DPN indicated in the figure. 


formation was measured at 340 my. Since DPN-enzyme also 
absorbs at 340 my (although considerably less than DPNH), a 
small correction, calculated from the 405 my value, had to be 
applied. Standard values for the absorption of DPN-enzyme 
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Fig. 4. Effect of concentration of glyceraldehyde-3-P on the 
inhibition by tetrose di-P. The following components were added 
in the order indicated in a final volume of 1 ml: 30 wmoles of sodium 
pyrophosphate buffer, pH 8.6; 3.52 X 10~* umoles of tetrose di-P; 
1.25 wg of glyceraldehyde-3-P dehydrogenase; 5.7 umoles of DPN; 
5 umoles of sodium arsenate; after stirring various concentrations 
of glyceraldehyde-3-P were added as indicated in the figure. For 
K,, determinations (lower curve) tetrose di-P was omitted. 
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Fia. 5. Formation of acyl enzyme at various tetrose di-P con- 
centrations. The following reagents were added in a final volume 
of 1 ml: 50 wmoles of tris(hydroxymethyl)aminomethane buffer, 
pH 8.5; 0.12 umole (17.2 mg) of glyceraldehyde-3-P dehydrogenase 
and tetrose di-P were added in increments of 0.294umole. Optical 
density was’ measured at 340 my and 405 my and calculations car- 
ried out according to the values given in the text. 


were obtained by titration with iodoacetate at 405 and 340 mu. 
For each umole of DPN on the enzyme, the optical density was 
0.54 at 405 mu and 0.79 at 340 mu. 

In Fig. 5 the yield of acyl enzyme is plotted against the amount 
of added tetrose di-P. The enzyme preparation used in this 
experiment contained 2.2 moles of DPN per mole of enzyme, 
0.12 umole of enzyme corresponding to 0.264 umole of DPN. 
Since only one-half of the tetrose di-P preparation had been 
shown to react, the values recorded in the figure indicate that 
when the concentration of active inhibitor was equimolar with 
DPN approximately one-half of the available sites were acylated. 

In order to demonstrate more directly the formation and 
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TaBLe IV 
Stability of di-P-tetronyl enzyme 

In a final volume of 0.3 ml the following reagents were added 
50 wmoles of tris(hydroxymethyl)aminomethane buffer, pH 7) 
0.88 umole of substrate; 7.97 mg (0.057 umole) of glyceraldehyde. 
3-P dehydrogenase and 2.0 umoles of DPN when indicated in th 
table. After 7 or 52 minutes of incubation at room temperature 
0.3 ml of 20% trichloroacetic acid was added, the precipitate eg}. 
lected by centrifugation, and washed twice with 1 ml of cold & 
trichloroacetic acid. Acyl enzyme was determined with hydrox. 














ylamine (24, 25) by a modified procedure developed by Black.* 
Soleo — | Inc - gaa —_ 
} pmoles min a) 
Tetrose di-P........... 0 7 0.195 
PN MoS vinings ke sie sienavs ac 0 52 0.182 | 
Tetrose di-P........... sas | 2.0 7 0.233 | 
7 7etrose Gi-P........... 2.0 52 0.233 
Erythrose-4-P........ 0 7 0.010 
Erythrose-4-P.............. 2.0 7 0.028 
Glyceraldehyde-3-P........ 0 7 0.057 
Glyceraldehyde-3-P........ 2.0 7 =| 0.054 


* See footnote 6 in text. 


| 
| 
| 





particularly the stability of di-P-tetronyl enzyme, measurement 
with hydroxylamine’ (24, 25) were carried out. As some lability 
of the di-P-tetronyl enzyme at pH 8.5 was encountered in pr 
liminary experiments, as might be expected from the properti« 
of thiol esters, all subsequent experiments were done at pH 711 
As can be seen from Table IV, acyl enzyme remains stable a 
room temperature, even in the presence of additional DPN, fa 
the test period of 52 minutes. In contrast, only small amount 
of acyl enzyme accumulated in the presence of glyceraldehyde 
3-P or erythrose-4-P. This is not surprising in view of the in 
stability of the P-glyceryl enzyme in the presence of DPN (25) 
Thus the instability of the acyl enzyme formed from the physic 
logical substrate and the stability of the di-P-tetrony] enzymes 
consistent with the inhibitory properties of tetrose di-P in tests 
with catalytic amounts of enzyme. 

Finally the di-P-tetronyl enzyme was isolated by the following 
procedure: 66 mg of glyceraldehyde-3-P dehydrogenase wer 
incubated with 5.74 umoles of tetrose di-P and 300 umoles of 
tris(hydroxymethyl)aminomethane buffer at pH 7.05 in a final 
volume of 1.9ml. A control containing enzyme without tetrox 
di-P was carried through the entire procedure. After 10 minutes 
at room temperature 200 mg of Norit A were added and 5 minute 
later the mixture was filtered and the charcoal washed with | 
ml of 0.2% neutral ethylenediaminetetraacetate. Addition o 
2.5 volumes of a saturated solution of ammonium sulfate pre 
cipitated the acyl enzyme. It was consistently noted, however, 
that the control solution containing charcoal-treated enzyme 
without acyl group had to be saturated with solid ammonium 
sulfate in order to precipitate the protein. After 30 minutes at 
0°, both samples were centrifuged for 15 minutes at 12,000 x 9 
the precipitate washed once with 3 ml of saturated ammonium 
sulfate, and finally dissolved in 1 ml of 0.2% neutral ethylene 


diaminetetraacetate. The di-P-tetronyl enzyme _reoxidized 


6 Unpublished modification of the hydroxylamine reaction de- 
veloped by Dr. 8. Black. One umole of 3-P-glyceryl hydroxamit 


acid yields a color with an optical density of 0.775 in a final volume 
of 1 ml at 540 mz. 
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DPNH and gave the characteristic reaction with hydroxylamine 
(24,25). Parallel tests with the free enzymes were negative. 
Quantitative Aspects of Acyl Enzyme Formation—As can be 
sen from Table IV, 0.057 umole of glyceraldehyde-3-P dehydro- 
genase gave rise to 0.195 umole of acyl enzyme. This occurred 
without addition of DPN and corresponds to 3.4 acyl groups per 
mole of enzyme. It was repeatedly observed that over 3 acyl 
groups were formed per mole of enzyme particularly with freshly 
isolated enzyme preparations. Since this finding was inconsist- 
ent with the highest recorded value of 3 moles of DPN per mole 
of enzyme (25) the quantitative aspects of acyl groups as well as 
DPN determinations were reinvestigated. The values recorded 
in Table IV were arrived at by assuming that the molecular 


® extinction coefficient of the color given by the hydroxamate 


obtained from P-tetronyl enzyme was identical with that ob- 
tained with phosphoglyceryl hydroxamate (€ = 775). In view 
of the apparent discrepancy mentioned above, a large amount of 
P-tetronyl enzyme was prepared and treated with hydroxylamine. 
The hydroxamate was isolated as calcium salt and chromato- 
graphed on paper. Also several analyses were carried out to 
establish the phosphorus: hydroxamate ratio of precipitated and 
well washed P-tetronyl enzyme. All these determinations 
yielded values within 10% of the extinction coefficient of phos- 
phoglyceryl hydroxamate. 

Since the values for acyl groups per mole of enzyme did not 
require correction, the DPN content of the enzyme was rein- 
vestigated. Recently isolated and once recrystallized prepara- 
tions of glyceraldehyde-3-P dehydrogenase from rabbit muscle 
were found to contain between 3.4 to 3.6 moles of DPN per mole 
ofenzyme. Negligible amounts of DPN were found in appro- 
priate samples of the supernatant solution after removal of the 
ensyme crystals. DPN was released from the enzyme crystals 
by denaturation of the protein with 5% trichloroacetic acid. 
DPN was determined in the supernatant fluid with alcohol 
dehydrogenase and excess of alcohol. 

In view of the availability of p-threose-2,4-di-P and of an 
accurate assay for acyl enzyme the equilibrium of the reaction 
with enzyme was studied. Determinations of the concentration 
of DPN, DPNH, and acyl enzyme after addition of varying 
amounts of p-throese-2,4-diphosphate gave a value of Keg = 
laeyl enzyme] [DPNH]/[threose di-P] [DPN] of 2.2 at pH 7.05 
asshown in Table V. 


DISCUSSION 


The tetrose di-P preparation described in this paper represents 
ahighly specific inhibitor of glycolysis at the site of glyceralde- 
byde-3-P dehydrogenase. In a manner similar to iodoacetate, 
the inhibitor reacts more rapidly in the presence of DPN; in 
contrast to iodoacetate the inhibition is reversible. A pro- 
nounced inhibitory effect by tetrose di-P on glycolysis in extracts 
ifascites tumor was observed but little or no inhibition was pro- 
dueed with the intact ascites cells or with intact HeLa cells.” 
Preparations of glycolaldehyde-2-P which contained large 
amounts of tetrose di-P inhibited markedly the growth of certain 
microorganisms such as Neisseria gonorrhoea but not some other 
bacteria.’ This variability in effectivemess may be partly due 
to differences in permeation of the phosphorylated compound. 

The possibility may be entertained that tetrose di-P could be 
formed intracellularly. Provided that a pathway for the forma- 


‘Unpublished observations made in this laboratory by Dr. E. 
Kvamme, Dr. J. Alpers, and Dr. P. Griffin. 


E. Racker, V. Klybas, and M. Schramm 


TABLE V 


Accumulation of intermediates of p-threose 
di-P oxidation at equilibrium 

In a final volume of 0.8 ml the following components were in- 
cubated at 25°: 100 wmoles of tris(hydroxmethyl)aminomethane 
buffer, pH 7.05; 6.87 mg (0.049 umole) of glyceraldehyde-3-P de- 
hydrogenase; and p-threose di-P at the concentrations indicated 
below. After 10 minutes an equal volume of 20% trichloroacetic 
acid was added, the mixture centrifuged, and the precipitated 
protein was washed twice with 1 ml of cold 5% trichloroacetic 
acid. The precipitated protein was analyzed for acyl groups. 
DPN was measured in the combined supernatant fluids and wash- 
ings with alcohol dehydrogenase at pH 9.5. DPNH was deter- 
mined at 340 my in a duplicate sample of the incubation mixture 
which was deproteinized by adding 3 volumes of ethanol at pH 
8.4 and heating for 10 minutes at 55°. Since recovery experiments 
with DPNH and enzyme showed approximately 18% losses of 
DPNH during these manipulations, appropriate corrections were 
applied in order to arrive at the data shown below. All values 
are expressed in umoles. 











Added Found | 
~a oo ---—- — Kea 
p-Threose di-P Acyl enzyme | DPN DPNH 
0.0957 0.0757 0.132 | 0.075 2.15 
0.118 2.28 


0.1914 | 0.121 0.0885 


tion of glycolaldehyde-2-P can be found, the ready occurrence of 
the aldol condensation during storage, even at neutrality, would 
make tetrose di-P a possible candidate as a regulator of glycolysis. 
Glycolaldehyde-2-P could be visualized to arise by decarboxyla- 
tion of phosphohydroxypyruvate. Crystalline yeast transketol- 
ase does not appear to catalyze this reaction, but other possible 
pathways are being explored. 

The mode of action of this inhibitor appears rather unique. 
It acts on a double-headed enzyme (22) and is indeed dependent 
on the functional integrity of both active heads. Recent experi- 
ments® have shown that proteolytic digestion of glyceraldehyde- 
3-P dehydrogenase yields an altered enzyme protein capable of 


oxidation but devoid of phosphate transfer activity. This 
CH:OPO.H: CH,0P0,H; CH,0PO;H: 
CHOH CHOH CHou 
b—oP0.H: CHOPO.H; CHOPO,H: 
6 HC=O rs—C=0 
I Il Il 


enzyme preparation is no longer susceptible to inhibition by 
tetrose di-P. The effective interaction of tetrose di-P with the 
enzyme which results in the formation of a stable acyl enzyme 
appears to be dependent on the phosphate ester at carbon 2 of 
the tetrose compound since erythrose-4-P is ineffective. This 
requirement, together with the need for the second (phosphate 
transfer) head of the enzyme and the apparent structural simi- 
larity between glycerate-1 ,3-di-P (J), tetrose di-P (J/), and the 
thiol ester of its acid (JJ]) suggests the formulation of tetrose 
di-P action shown in Diagram 1. 

The course of events with tetrose di-P is visualized to proceed 
as proposed previously for the substrate (1) by an aldehydolysis 
of the DPN-S-enzyme (Reaction A of Diagram 1). P-tetrony] 


8 J. Krimsky and E. Racker, unpublished observations. 
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Inthe course of testing structural analogues of p-glyceraldehyde 
3-phosphate as inhibitors for p-glyceraldehyde 3-phosphate de- 
hydrogenase, Racker (1) noted a low level inhibition by glycol- 
aldehyde phosphate. This phosphate ester is available readily 
from the periodate cleavage of glycerol 1-phosphate (2, 3). 
Recently an alternate synthesis of glycolaldehyde phosphate has 
been reported which involves the diethyl acetal as a stable im- 
mediate precursor (4). The compound prepared by the latter 
method showed almost no inhibitory activity for p-glyceralde- 
hyde 3-phosphate dehydrogenase. Racker (1) noted, however, 
that when this preparation was stored frozen in solution for 
several months it became as inhibitory as that produced by 
periodate treatment of glycerol 1-phosphate. It thus seemed 
probable that the enzyme inhibition was not due to glycolaldehyde 
phosphate, but rather to some contaminant arising from glycol- 
aldehyde phosphate. 

This communication reports studies on the isolation, identifica- 
tion, and synthesis of this inhibitor, as well as some preliminary 
observations on its action in the enzymatic system. By incuba- 
tion of glycolaldehyde phosphate in strong alkali, a strongly 
inhibitory material was produced. On ion exchange fractiona- 
tion, a chromatographically homogeneous, highly inhibitory, 
phosphorylated component was separated. This material has 
been shown to be a mixture of tetrose diphosphates. Both p- 
and u-threose 2,4-diphosphate were prepared synthetically and 
tested for inhibition of p-glyceraldehyde 3-phosphate dehydro- 
genase. The p-threose 2,4-diphosphate proved to be an un- 
usually strong inhibitor of the enzyme, whereas the L-isomer was 
much less active. The inhibition was reversible and noncom- 
petitive, and was accompanied by the reduction of a single mole 
of DPN per mole of enzyme. The results of an independent 
identification of this inhibitory substance are reported in an 
accompanying paper (1). 


EXPERIMENTAL AND RESULTS 


Assay Procedure—Rabbit muscle p-glyceraldehyde 3-phosphate 


| dehydrogenase was prepared by the method of Cori et al. (5). 
) It was active only after incubation in the presence of sulfhydry] 


compounds. The assay procedure is a modification of that 
introduced by Warburg and Christian (6). A normal reaction 


system had the following composition: 3 x 10-* M sodium pyro- 


j 
A 


phosphate (pH 8.5), 6 x 10-* Mm cysteine, 5 X 10-* m sodium 


*This work was supported in part by grants from the United 
States Public Health Service (grant A884) and University of 
California Cancer Research Coordinating Committee. 


t Predoctoral fellow of the National Science Foundation, 1956- 
1959, 
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arsenate, 3.3 X 10-* mM DPN, 6.6 x 10- m p-glyceraldehyde 
3-phosphate, and 6 X 10-‘mg per ml of enzyme protein. The 
DPN was purchased from Pabst Laboratories, and p-glyceralde- 
hyde 3-phosphate was prepared from its dimethyl acetal by the 
procedure previously reported (7). Incubation mixtures, com- 
plete except for p-glyceraldehyde 3-phosphate, were allowed at 
least 10 minutes to come to room temperature. Then the 
material to be tested for inhibition was added. After exactly 2 
minutes, p-glyceraldehyde 3-phosphate was added to start the 
reaction. The reaction was followed by the increase in 340 my 
absorbance as a function of time, with the use of a Beckman DU 
spectrophotometer equipped with a photomultiplier connected 
to a Brown Recorder with 90 to 100° transmission recorded on 
full scale. Reaction rates were determined as the linear distance 
on the recorder chart for an absorbance change of 0.010 unit 
over the earliest measurable linear portion of the reaction. In- 
hibitory materials were diluted so that an inhibition of 20 to 80% 
was obtained. 

The inhibition assay was greatly affected by the order of 
addition of reaction components. If p-glyceraldehyde 3-phos- 
phate was included in the incubation mixture, and the reaction 
was started with DPN, the inhibition was almost undetectable 
during the initial portion of the reaction; however, it increased 
as the reaction proceeded. A similar behavior was observed if 
the reaction was started by adding inhibitory material and p- 
glyceraldehyde 3-phosphate, simultaneously. Only when the 
inhibitory material was incubated with the reaction mixture, was 
maximal inhibition observed during the initial portion of the 
reaction. Maximal inhibition was reached after 2 minutes of 
incubation, and a slow loss of inhibition with time was noted 
after the initial rapid increase (Fig. 1). The loss of activity 
proved to be due to the instability of the inhibitor in the presence 
of cysteine, similar to that reported for p-glyceraldehyde 3- 
phosphate (5). 

Preparation of Inhibitor by Alkali Treatment of Glycolaldehyde 
Phosphate—Glycolaldehyde phosphate was prepared from the 
cyclohexylammonium salt of its diethyl acetal (4). When 
freshly prepared, this material inhibited p-glyceraldehyde 3- 
phosphate dehydrogenase only at very high concentrations. 
Overnight treatment in the presence of strong acid, thiosulfate, 
or cysteine caused no increase in inhibition. Heating it 100° 
for 1 hour was also without effect. However, incubation in the 
presence of strong alkali produced a solution which strongly 
inhibited the enzyme system. When followed as a function of 
time, the inhibition was seen to increase rapidly and then to 
decrease slowly over a long period of time. During alkali treat- 
ment, little inorganic phosphate was released as measured by the 
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Fic. 1. Effect of incubation of p-threose 2,4-diphosphate with 
the reaction mixture. The assay method is as described in the 
text except for the time interval between additions of inhibitory 
material and substrate. The upper curve is a water control. 
The lower curve contains 5.2 X 10-7 m p-threose 2,4-diphosphate. 
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Fic. 2. Change in chromatographic character and inhibitory 
activity of glycolaldehyde phosphate on incubation in strong 
alkali. The chromatogram was run as described in the text. The 
incubation mixture contained 8 X 10-2 M glycolaldehyde phos- 
phate and 2 n sodium hydroxide. The bar graph refers to in- 
hibitory activity for p-glyceraldehyde 3-phosphate dehydrogenase 
relative to that present before the addition of alkali. Component 
A was inorganic phosphate plus unidentified phosphate esters. 
Component B was glycolaldehyde phosphate. Component C was 
inhibitory material which eventually proved to be tetrose diphos- 
phates. 


Fiske-SubbaRow method (8). Aliquots taken at various times 
were chromatographed ascending in tert-butanol-picric acid-water 
(80:4 g:20) (9), and the chromatograms were developed with 
the use of the Bandursky and Axelrod phosphomolybdate tech- 
nique (10). Two new components appeared as the result of the 
alkali incubation. The concentration change of the slowest 
moving component seemed to parallel the change in inhibitory 
activity, (Fig. 2), reaching a maximum after 1 to 2 hours and 
then decreasing after long periods of treatment. A sample of 
the alkali-treated glycolaldehyde phosphate was strip spotted on 
paper and the chromatogram was developed in the above solvent. 
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The individual components were recovered from the paper by 
elution with water after the picric acid had been removed by a 
4-hour acetone extraction in a Soxhlet apparatus (3). Of the 
three phosphate-containing zones, only the slowest (Rp 0.35 ty / 
0.40) contained material which was inhibitory when assayed jp 
the enzymatic system. 

By altering the condition of alkali treatment, an increase jp | 
inhibition over that of fresh glycolaldehyde phosphate of approyi. | 
mately 500-fold was obtainable. Dicyclohexylammonium gly. | 
colaldehyde phosphate diethyl acetal (1 g) was dissolved jy 
15 ml of water and 10 g of dry Dowex 50 (H*) were added. The 
resin was filtered and washed with water giving a combine | 
filtrate of about 25 ml volume. This solution was incubated for 
8 hours at 40° for the hydrolysis of the acetal. After the solution 
had cooled to room temperature, 2.5 ml of 50% sodium hydrox. | 
ide was added. After 30 minutes, during which time it becany | 
strongly colored, the solution was made acid by the addition of ; 
dry Dowex 50 (H*). Sufficient water was added to keep the | 
system fluid, and the resin was removed by filtration and was 
washed well with water. The combined filtrate was stored cold 
as the free acid. 

Ion Exchange Fractionation—Alkali-treated glycolaldehyde 
phosphate was applied as the free acid to a Dowex 1-formate 
column. An elution system based on the salt system of Hut | 
bert et al. (11) was employed. Sodium formate, rather than 
ammonium formate, was used as eluant, since the inhibitory 
activity was not stable in the presence of amine salts. Fractions 
were assayed for total phosphate by the procedure of Umbreit 
et al. (12). The total phosphate applied to the column was eluted 
in three separate peaks (Fig. 3). Inhibitory material was found 
only in the second peak. ‘This material gave a single phosphate 
spot when chromatographed in the tert-butanol-picric acid-water 
solvent or in n-butanol-concentrated hydrochloric acid-water 
(80:4:16). When assayed for tetrose (13) and phosphate this 
fraction showed a ratio of 1 tetrose to 1.7 phosphate groups. 
The first peak contained glycolaldehyde phosphate, inorganic 
phosphate, and possibly other components. The third peak, 
which was almost absent in some runs, was not identified. 

To determine if the inhibitory activity observed for the various 
glycolaldehyde phosphate preparations investigated was due to 
the same material that was produced on alkali treatment, samples 
were chromatographed by the above ion exchange procedure. 
In every case the inhibitory activity of the glycolaldehyde phos 
phate preparation could be accounted for by a small amount ol | 
very inhibitory material which was eluted from the ion exchange ? 
column in the same position as the inhibitory material resulting 
from alkali treatment (Table I). 

Preparation of Reduced Inhibitor—The inhibitory material 
recovered by ion exchange contained large amounts of sodium 
formate, and attempts to form a solid, formate-free salt resulted 
in decomposition. However, in the presence of sodium borohy- 
dride the inhibitor was reduced to a stable product. This re 
duced inhibitor was no longer inhibitory to the p-glyceraldehyde 
3-phosphate dehydrogenase reaction. To a sample of inhibitory 
material recovered from the ion exchange procedure, containing 
about 1 mmole of organic phosphate in 25 ml, were added 300 
mg of sodium borohydride. The mixture was allowed to stand 
at room temperature overnight. Excess reducing agent was 
destroyed and the salts were converted to free acids by the 
addition of dry Dowex 50 (H*). The resin was filtered off and 
washed well with water. The combined filtrate was taken to 
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of Hurt | which was absent in some runs was not identified. 
her than Hz COPOsH> 
nhibitory drvness in a vacuum. Methanol was added and then removed HC*0 HOCH 
Fractions | under reduced pressure to distill off borate as methyl borate. H203P0CH NalO. HCOPOsH, 
Umbreit | This was repeated two additional times and followed once with HCOH HCOH 
‘as eluted | jc, (weight per volume) methanolic hydrogen chloride in the HeCOPOsH2 H2COH 
ras found } ame manner. Water was added and removed in a vacuum Fig. 4. Synthetic pathway for the preparation of p-threose 2, 4- 
hosphate | twice to remove hydrogen chloride. The resulting sirup was diphosphate. 
cid-water | dissolved in a little water and cyclohexylamine was added to 
cid-water bring the pH to about 9. The solution was taken to dryness and In acidic solvent systems the reduced inhibitor moved on 
hate this | the residue extracted with hot absolute ethanol. An amorphous paper in the same manner as synthetic samples of p-erythritol 
> STOUups | salt was precipitated by the cautious addition of acetone to the and p-threitol 4-phosphate.'_ However, when run in iso-propanol- 
inorgani¢ | ¢thanol solution, and was recovered by filtration. On further ammonia-water (70:10:20) (16) for 48 hours at 30° the reduced 
ird peak, | addition of acetone to the supernatant, crystalline cyclohexyl- inhibitor was found to run in a region where only diphosphates 
ied. ammonium formate was obtained. The initial acetone-precipi- are normally encountered. Further, conditions which resulted 
1 various | tated material was dissolved in a little hot absolute ethanol and in a rapid periodate oxidation of p-threitol 4-phosphate, pro- 
as due t0 | acetone was added slowly resulting in a microcrystalline precipi- duced no detectable oxidation of the reduced inhibitor as deter- 
}, samples | tate When recovered and air dried this material showed a mined at 280 mu by the spectrophotometric method of Marinetti 
rocedure. single phosphate component in a number of paper chromato- and Rouser (17). 
yde phos graphic systems. It was not possible to obtain a reproducible Synthesis of v-Threose 2,4-Diphosphate—(See Fig. 4.) 1,3- 
mount o | ¢lemental analysis of this material. Benzylidene-2 ,4,5-tribenzoyl-p-arabitol was prepared by the 
exchange | Identification of Reduced Inhibitor—The cyclohexylammonium method of Haskins et al. (18). Six grams of the above compound 
resulting | sit (20 mg) of the reduced inhibitor was dissolved in 2 ml of a were dissolved in 500 ml of absolute ethanol and were reduced 
pH 9.1, 0.05 m glycine buffer containing 0.001 M magnesium by hydrogen at atmospheric pressure with 2.0 g of reduced and 
material } chloride. Commerical intestinal phosphatase (10 mg) was washed 11% palladium chloride on carbon as catalyst. The 
of sodium } added, and the solution was incubated for 16 hours at 40°. The reduction required 3 days to come to completion, and it yielded 
t resulted F nixture was then deionized and deproteinized by passage 5,0 g (94% of theory) of a thick colorless sirup after removal of 
n boroby- | through Amberlite IR4B (OH-) and Dowex 50 (H+). The catalyst and evaporation of the solvent. This compound has 
This tf } sulting solution was evaporated under reduced pressure toa an [a}z8, = —101° (c 1.6 in chloroform). 
raldehyde | thick sirup and analyzed chromatographically. When run in 
inhibitory | ethyl acetate-acetic acid-water (3:1:3) (14), the only material, CreH2Or 
vontaining | not also present in an enzyme blank, corresponded to erythritol Calculated: C 67.28, H 5.17 
udded 300} snd threitol, which were not separated in this solvent. A sample Found: C 67.48, H 5.48 
1 to stand } of the sirup was run on high voltage paper electrophoresis as i, edi , . 
gent Wa) described by Rammler and MacDonald (15). After 90 minutes Of this sirupy 2,4, 5-tribenzoyl-p-arabitol 4 g were dissolved in 
Js by the F st 2999 volte and 20 ma with the use of Whatman No.1 paper 20 ml of dry pyridine, and 10 g of diphenylphosphorochloridate 
ed is . and pH 6.1 saturated boric acid buffer, both erythritol and 1 p-Threitol 4-phosphate was prepared by Dr. D. L. Rammler, 
; taken 








threitol were found to be present in comparable amounts. 





with the use of an unpublished procedure. 
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were added over a 20-minute period while the reaction vessel was 
cooled in an ice bath. The vessel was stoppered and left at 
room temperature overnight. Excess phosphorylating reagent 
was then destroyed by adding water, and the reaction product 
was extracted into benzene. The benzene layer was washed with 
water, 1 N hydrochloric acid, 1 m sodium bicarbonate, and then 
again with water. The benzene solution was dried with sodium 
sulfate and the solvent was removed under reduced pressure 
yielding 8.0 g (100% of theory) of a clear sirup. This sirup was 
hydrogenated at atmospheric pressure in 500 ml of absolute 
ethanol with 2 g of platinum oxide catalyst. The reduction was 
complete, with theoretical hydrogen uptake, after 3 days. The 
vatalyst was removed, 20 ml of 3.9 N potassium hydroxide were 
added, and the solution was concentrated to dryness under 
reduced pressure. Water (200 ml) was added, and the resulting 
solution was left at room temperature for 4 hours for saponifica- 
tion of the esters. The solution was then extracted with ether, 
and the aqueous layer was passed through IR-120 (H*) to remove 
the cations. Cyclohexylamine was added to the acid eluate 
until it was about pH 10, and the mixture was concentrated to 
dryness under reduced pressure. The residue was extracted with 
50 ml of hot absolute ethanol and the solid was collected by 
filtration. The ethanol-insoluble material was dissolved in hot 
methanol, and ether was added to turbidity. This was stored 
at 4° overnight, with small additions of ether until no further 
precipitate was obtained. The precipitate was filtered off and 
air dried, yielding 3.8 g (68% of theory) of crude tricyclohexyl- 
ammonium p-arabitol 1,3-diphosphate monohydrate. The 
salt was recrystallized by dissolving it in hot methanol, adding 
ether to turbidity, and allowing the solution to stand overnight 
at 4°, with cautious further addition of ether after crystallization 
had started. The crystals, after collection and drying overnight 
at room temperature under vacuum, melted at 190-192° (de- 
composes) and had an [a]38, = +1.3° (c 2.0 in water). 


C2sH5s0uNsP2-H20 


Calculated: C 44.07, H 8.83, N 6.69, P 9.87 
Found: C 43.91, H 8.72, N 6.54, P 9.70 


A sample of 100 mg of this salt was treated with Dowex 50 
(H+) to remove the cyclohexylamine, the mixture was filtered, 
and the filtrate was neutralized with sodium hydroxide. <A 2- 
fold excess of sodium periodate was added and allowed to react 
at room temperature for 30 minutes. The excess periodate was 
then destroyed by the addition of 2 drops of ethylene glycol. 
After an additional 30 minutes, an equal volume of methanol 
was added and the solution was stored overnight at —10°. 
Sodiuin iodate, which had crystallized out of solution, was 
filtered off and the supernatant solution was purified by the ion 
exchange procedure used for fractionating the alkali-treated 
glycolaldehyde phosphate. 

Essentially all of the phosphate-containing material was eluted 
in the same region as the inhibitor from glycolaldehyde phos- 
phate. The ratio of phosphate groups per tetrose was 2.0. 
When assayed in the enzymatic system, this synthetic p-threose 
2,4-diphosphate proved to be an exceptionally strong inhibitor. 
Due to its instability no attempts were made to free this com- 
pound from sodium formate or to prepare a solid salt. The 
presence of formate had no effect on the enzyme assay and the 
p-threose 2, 4-diphosphate was stored frozen in solution as eluted 
from column. Under this condition of storage the inhibitory 
activity was stable for several weeks. 


p-Threose 2 ,4-Diphosphate Inhibition 


Vol. 234, No. 19 


Synthesis of .-Threose 2,4-Diphosphate—Tricyclohexylam. 
monium L-arabitol 1 ,3-diphosphate was prepared by an identical 
procedure to that reported above for the enantiomorph, except 
for the use of the L-arabito] derivatives. The crystalline salt 
had a melting point of 185-191° (decomposes) and an [a];8, = 
—1.4° (c 2.0 in water). 


C23H5301N3P2-H20 


Calculated: C 44.07, H 8.83, N 6.69, P 9.87 
Found: C 43.99, H 8.79, N 6.64, P 9.72 


This material was oxidized with sodium periodate and the 
reaction mixture purified by ion exchange as reported for its 
enantiomorph. The resulting L-threose 2,4-diphosphate was 





found not to inhibit the p-glyceraldehyde 3-phosphate reaction 
except at much higher concentrations than was required for the } 
p-isomer. A concentration of 2 x 10-4 m of the L-isomer was 
required for 50% inhibition as compared to 2 X 10-7 M for the 
D-isomer. : 
Nature of v-Threose 2,4-Diphosphate Inhibition—The reversi- | 
bility of the p-threose 2,4-diphosphate inhibition was tested by | 
the criterion of Ackerman and Potter (19). The relative inhibi. | 
tion caused by this diphosphate was independent of enzyme | 
concentration over a threefold change in enzyme concentration 
(Fig. 5). The effects of changes of p-glyceraldehyde 3-phosphate 
and DPN concentrations were determined, and the data exam- 
ined by the classical double reciprocal plots (Fig. 6). 


| 


Concentra- 
tions of DPN and p-glyceraldehyde 3-phosphate were determined 
enzymatically. p-Threose 2,4-diphosphate concentration was 
determined by assaying for organic phosphate in the undiluted 
solution prepared as previously described. The inhibition is 
completely noncompetitive with respect to both the natural 
substrate and the cofactor. The Michaelis constants (K,,) de 
termined from these plots, 8.7 x 10-5 m for p-glyceraldehyde 
3-phosphate and 5.4 X 10-°m for DPN, are similar to the values 
previously recorded for this enzyme (5). The inhibitor constant 
(K;) for p-threose 2,4-diphosphate from the above data had an 
average value of 2.1 x 10-7 M, and values varying between | 
and 3 X 10-7 m were obtained from other data. The presence 
of 3 X 10-° m zine chloride in the reaction mixture had no effect 
on the inhibition. Both muscle and yeast p-glyceraldehyde 3- 
phosphate dehydrogenases were inhibited, but neither heart 
lactic dehydrogenase nor yeast alcohol dehydrogenase was 
affected. 

p-Threose 2, 4-Diphosphate Reduction of E 
Rabbit muscle p-glyceraldehyde 3-phospha 
been shown to bind tightly 3 moles of DPhper mole of enzyme, 
about 70% of which can be reduced by p-glyceraldehyde 3-phos 
phate in the presence of excess DPN and the’bsence of phosphate 
and arsenate (20). When p-threose 2,4-dimhosphate was added 
to the enzyme the reduction of 1 mole of DPN per mole of enzyme 
was observed in the presence or absence of added DPN. The 
presence of arsenate or phosphate, did not result in any further 
DPNH formation. When p-glyceraldehyde 3-phosphate was 
added to enzyme which had already been allowed to react with 
p-threose 2, 4-diphosphate, an additional one-third mole of DPN 
per mole of enzyme was reduced (Table II). Enzyme concentra 
tion was determined with the use of a molecular extinction ce 
efficient of 14.7 * 10‘ at 276 mu, which was obtained by corret- 
tion of the value given by Velick (21) to the molecular weight 
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Fic. 5. Inhibitory activity of p-threose 2,4-diphosphate as a 
function of enzyme concentration. The following p-threose 2,4- 
diphosphate concentrations were used: O——O, none; A——A, 
13 X 10°77 m; O——D, 2.7 X 10°77 m. 
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Fic. 6. p-Threose 2,4-diphosphate inhibition of p-glyceralde- 
hyde 3-phosphate dehydrogenase. The assay system is described 
in the text. The following concentrations of p-threose 2, 4-di- 
phosphate were present: O——O, none; A——A, 1.3 XK 10°77 Mm; 
oO—O 2.7 X 1077 M. 


determined by Fox and Dandliker (22). The DPN reduction 
was calculated from the change in 340 my absorbance with the 
molecular extinction coefficient of 6.22 « 10% (23). 


DISCUSSION 


Glycolaldehyde phosphate does not interact with glyceralde- 
hyde 3-phosphate dehydrogenase either as a substrate or as an 
inhibitor. The inkibitory activity of certain preparations of 
this compound forthe enzyme is due to tetrose diphosphate 
contamination. The presence of a second component in glycol- 
aldehyde phosphat* prepared from glycerol 1-phosphate by 
periodate cleavage had been indicated by the chromatographic 
observations of Loring et al. (3). Although this second com- 
ponent has not beer observed in preparations of glycolaldehyde 
phosphate prepared in the course of the work reported here, a 
comparison of relative Rp values indicates that it was probably 
due to the presence of tetrose diphosphate contamination. The 
accidental use of a small excess of barium hydroxide in the prep- 
aration of the barium glycolaldehyde phosphate by the procedure 
of Loring would lead to alkaline conditions, and thus could 
account for the variable presence of tetrose diphosphates. 

Tetrose diphosphates could appear in preparations of glycol- 
aldehyde phosphate as the result of an aldol condensation of 
glycolaldehyde phosphate molecules. Such an explanation is 
supported by the finding that basic conditions, which are known 





A. L. Fluharty and C. E. Ballou 


TasBLeE II 
Reduction of enzyme bound DPN 

Each reaction contains 1.4 X 10-* m sodium pyrophosphate 
adjusted to pH 8.5, 4 X 10- m cysteine, and 1.13 K 10-5 m p-glyc- 
eraldehyde 3-phosphate dehydrogenase. Additions are 3.3 X 
10-* m DPN, 6.3 X 10-* m p-glyceraldehyde 3-phosphate (G3P), 
5.3 X 10-5 m p-threose 2, 4-di-P, 5 X 10-m sodium arsenate (AsQ,), 
1.6 X 10-* m sodium phosphate (PQ,). 














Components added A 340 mu AA nom | 

Mey has pao eebanRs aah eee ches 0.055 

SE Sey nner 0.095 0.040 0.56 
p-Threose 2,4-di-P................| 0.190 0.065 0.93 
2, oe 0.085 

‘yy a , 0.220 0.135 1.92 
DPN, p-threose 2,4-di-P....... 0.152 0.067 0.96 
DPN, p-threose 2,4-di-P, PO,.... 0.150 | 0.065 0.93 
DPN, p-threose 2,4-di-P, AsO,.. 0.155 0.070 0.99 
DPN, v-threose 2,4-di-P, G3P.....| 0.182 0.097 1.38 





to favor such condensations, greatly accelerate the appearance 
of these diphosphates. The direct aldol condensation product 
of two glycolaldehyde phosphate units would be a tetrose 2,4- 
diphosphate. The diphosphate obtained from alkaline treat- 
ment, as well as its reduction product, have been found to be 
unreactive with sodium periodate as would be expected for the 
direct condensation product. The tetrose diphosphate with the 
phosphates on the 2,3-positions would also fail to react with 
sodium periodate, but it could arise only by migration of phos- 
phate from the 4- to the 3-position after condensation. Such a 
migration from primary to secondary hydroxyl would not be 
likely. The tetrose diphosphate obtained from alkali treatment 
of glycolaldehyde phosphate is thus believed to be a mixture of 
the four isomeric tetrose 2 ,4-diphosphates. 

The synthetic approach used for the preparation of the two 
threose 2 ,4-diphosphates takes advantage of the lack of adjacent 
free hydroxy] groups in these compounds. After preparation of 
a polyol diphosphate with appropriate distribution of phosphate 
groups, the aldotetrose derivative is easily obtained by the action 
of sodium periodate. The preparation of a pure solid salt of the 
synthetic threose 2,4-diphosphates is complicated by the insta- 
bility of these compounds. It has proved best to carry the 
synthesis only as far as the arabitol diphosphate in large scale. 
This compound forms a stable salt which is easily stored without 
decomposition. The threose diphosphate can then be prepared 
in small quantities as needed. 

Due to the structural similarities between the highly inhibitory 
p-threose 2 ,4-diphosphate and the natural substrate of p-glycer- 
aldehyde 3-phosphate dehydrogenase, the noncompetitive nature 
of the inhibition was unexpected. The magnitude of the inhibi- 
tor constant and the observed stereospecificity indicate that the 
inhibition is due to some specific binding. The involvement of 
a particular catalytic locus on the enzyme is demonstrated by 
the reduction of 1 mole of DPN per mole of enzyme by p-threose 
2,4-diphosphate.2 The possibility that this postulated site is 
different from that involved in oxidation of the natural substrate 
arises from the noncompetitive nature of the inhibition and from 


2In private communication Dr. Racker has indicated that he 
has been able to show reduction of more than one mole of DPN 
per mole of enzyme with the use of the tetrose diphosphate mix- 
ture. 
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the failure of the inhibitor to bring about the reduction of 2 moles 
of DPN per mole of enzyme as does p-glyceraldehyde 3-phos- 
phate. A site of secondary activity has previously been impli- 
cated for p-glyceraldehyde 3-phosphate dehydrogenase (24), and 
it will be of interest to determine the nature of the effect of p- 
threose 2,4-diphosphate upon the reaction involving this site. 
Complete understanding of the stereochemical requirements for 
the inhibition awaits the preparation of the two erythrose 2,4- 
diphosphates. 


SUMMARY 


1. The inhibition of glyceraldehyde 3-phosphate dehydro- 
genase by certain preparations of glycolaldehyde phosphate has 
been shown to be due to a contaminant separable by paper chro- 
matography and ion exchange techniques. 

2. This inhibitory material has been isolated as the cyclohexy]- 
ammonium salt of its reduction product, and this reduction 
product was identified as a mixture of tetritol diphosphates. 

3. Both p- and L-threose 2,4-diphosphates have been synthe- 
sized and tested for inhibition of glyceraldehyde 3-phosphate 
dehydrogenase. The p-isomer was found to be a very strong 
inhibitor of the enzyme reaction, whereas the L-isomer was much 
less active. 

4. p-Threose 2,4-diphosphate inhibition of glyceraldehyde 
3-phosphate dehydrogenase has been shown to be reversible and 
noncompetitive with both p-glyceraldehyde 3-phosphate and 
DPN. The K; for this inhibition is approximately 2 x 107 
Mm. Under the particular conditions used, this inhibitor reacts 
with the enzyme resulting in the reduction of 1 mole of DPN 
per mole of enzyme. 
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Ribitol Dehydrogenase*{ 


II. STUDIES ON THE REACTION MECHANISM 


Rosert C. Norpiret anp HerBert J. FromM 


From the Guy and Bertha Ireland Research Laboratory, Department of Biochemistry, 
University of North Dakota School of Medicine, Grand Forks, North Dakota 


(Received for publication, May 11, 1959) 


The existence of pentitol dehydrogenases in mammals (1) and 
bacteria (2, 3) has been reported from a number of laboratories. 
These enzymes apparently convert pentitols to ketopentoses 
which must be subsequently phosphorylated before their utiliza- 
tion via aerobic glycolysis. We recently demonstrated the pres- 
ence of ribitol dehydrogenase in Aerobacter aerogenes (ATCC 
9621) and described certain general properties of this enzyme 
which catalyzes the following reaction: 

Ribitol + DPN*+ @ p-ribulose + DPNH + Ht 


The purpose of this investigation was to attempt to elucidate 
various aspects of the reaction mechanism from the standpoint 
of thermal inactivation, kinetic, and spectral studies. It will be 
shown from these investigations that the reaction appears to 
be quite analogous to that for lactic dehydrogenase (4, 5). 


EXPERIMENTAL PROCEDURE 


Materials—The method for the preparation of ribitol-grown, 
cell-free extracts of A. aerogenes was reported previously (3). 
In order to conserve ribitol, A. aerogenes used in these experi- 
ments were grown on an inorganic salt medium (6) supplemented 
with 0.4% glucose and 0.06% ribitol for 48 hours. This pro- 
cedure was found to be satisfactory for the induction! of ribitol 
dehydrogenase, however, the cell-free extract preparations ex- 
hibited a variable ribitol dehydrogenase specific activity as well 
as a diminution of DPNH oxidase activity compared to organ- 
isms grown on ribitol as the sole carbon source. The superna- 
tant solution after centrifugation to remove the cells (3) was 
found to be devoid of ribitol when assayed with ribitol dehy- 
drogenase (specific activity 90.5) and DPN (3). p-Chloromer- 
curibenzoate, DPN, and DPNH were obtained from Sigma 
Chemical Company and ribitol was a product of Nutritional 
Biochemicals Corporation. p-Ribulose was prepared by isomeri- 
zation of p-arabinose in boiling pyridine according to the method 
of Glatthaar and Reichstein (7). 

Determinations—All spectrophotometric measurements were 
done in a Beckman model DU spectrophotometer with a photo- 


* This study was supported in part by a research grant (A-1678) 
from the National Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. 

+ A preliminary report of this work was presented at the 135th 
Meeting of the American Chemical Society in Boston, Massachu- 
setts, April 5-10, 1959. 

t Public Health Service Research Fellow of the National Heart 
Institute. 

'Ribitol dehydrogenase is now known to be an adaptive en- 
zyme: Dr. John W. Vennes, unpublished observations. 
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multiplier attachment. Assays for DPN and DPNH were simi- 
lar to those reported earlier (3). Protein was estimated by the 
method of Lowry et al. (8). p-Ribulose was determined enzy- 
matically by the following procedure: 0.5 umole of DPNH, 1000 
umoles of Tris? buffer, pH 7.4, approximately 0.1 umole of p- 
ribulose solution (stored frozen at pH 3.5, thawed, and neutral- 
ized to pH 6.0), and 0.1 ml of ribitol dehydrogenase (5 units) in 
a total volume of 2.6 ml were added to a quartz Beckman cell 
and the ensuing reaction followed to conclusion spectrophoto- 
metrically at 340 mu and 28°. Another cell containing the assay 
mixture to which had been added boiled enzyme, was read against 
the sample in which the reaction was occurring. The initial 
concentration of p-ribulose was determined on the basis of the 
disappearance of DPNH, which in turn was calculated from the 
change in absorbance at 340 my assuming Enso = 6.22 x 10 
for DPNH. The calculated error inherent with the use of this 
assay for p-ribulose with a 5-fold excess of DPNH is less than 1%. 

Kinetic Studies—Kinetic studies were carried out by measuring 
the initial reaction velocities for various reaction mixtures spec- 
trophotometrically. A Beckman model DU spectrophotometer 
was equipped with dual thermospacers, and the cell compartment 
maintained at 28° by means of a circulating water bath. Sam- 
ples for analysis were prepared by adding appropriate amounts 
of substrate to 0.90 ml of 0.1 m Tris buffer, pH 8.0, and diluting 
to 2.6 ml with ion-free distilled water. The samples were main- 
tained in the water bath until assayed. Aliquots of 2.0 ml were 
transferred to 1-cm cuvettes, and 0.05 ml of enzyme preparation 
(specific activity 37.5), maintained in an ice bath until used, was 
added to initiate the reaction. Absorbancy readings were taken 
at 340 my at 0.5 and 1 minute, and at 1-minute intervals there- 
after for a period of 12 minutes. Blanks were prepared in the 
same manner as assay mixtures, and buffer added in place of the 
enzyme preparation. The amounts of enzyme used in these 
studies were demonstrated to have no absorbance at 340 mu. 
In the case of the forward reaction where DPNH is being pro- 
duced, the sample in which the reaction was occurring was read 
versus the blank. For the reverse reaction studies, the blank was 
read against the reacting sample. Plots of absorbance against 
time were linear for at least 6 minutes for the lowest substrate 
concentrations and for a period in excess of 12 minutes for the 
higher substrate concentrations. 

Initial reaction velocities were determined from the changes in 
absorbance for the initial 10-minute period of the reaction. In 


The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane chloride. 
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certain cases of low substrate concentration, initial reaction ve- 
locities were obtained by extrapolation of the linear portion of 
the velocity versus time curves to 10 minutes. 

Production or loss of DPNH was calculated on the basis of 
Ensso = 6.22 X 108 for the reduced nucleotide under the experi- 
mental conditions described. Initial reaction velocities were ex- 
pressed as the molar concentration of DPNH produced in the 
reaction mixture over a 10-minute period for the forward reac- 
tion, and as the molar concentration of DPN produced over a 
10-minute period for the reverse reaction. 

Since the frozen enzyme preparation proved to be slightly un- 
stable when melted and diluted, suitable corrections were made 
for loss of activity with time. A preparation was melted, diluted 
with cold 0.1 o Tris buffer, pH 8.0, and maintained at 3°. At 
various time intervals, activity measurements were made on 
separate aliquots of a reaction mixture containing 1.6 wmoles of 
DPNH and 0.58 umole of p-ribulose dissolved in 0.50 ml of 0.1 m 
Tris buffer, pH 8.0, and sufficient distilled water to give a final 
volume of 3.0 ml after enzyme was added. The initial reaction 
velocities thus obtained were plotted versus mean time of assay 
after initial dilution of the preparation. The velocity-time curve 
thus obtained was extrapolated to the time of dilution, and the 
percentages of original enzymatic activity present at various time 
intervals after dilution were calculated. All subsequent ac- 
tivity measurements were corrected for this slight loss of activity. 
Reactions were timed from the point of dilution of enzyme and 
corrected to constant activity on the basis of the studies just 
described. All velocity measurements were corrected to constant 
amount of enzymatic activity, that amount catalyzing the for- 
ward reaction to the extent that a standard reaction mixture 
initially containing 0.45 ml of 0.1 m Tris buffer, pH 8.0, 3.76 x 
10-* m with respect to DPN and 4.33 x 10-? m with respect to 
ribitol, plus enzyme and sufficient distilled water to give a final 
volume of 1.3 ml, was 9.1 X 10-5 mM with respect to DPNH after 
10 minutes of incubation at 28°. Such standard reaction mix- 
tures were assayed with each series of experiments, and initial 
reaction velocities corrected for variations in the amount of en- 
zyme employed. 


RESULTS 


Purification of Ribitol Dehydrogenase—In our previous study we 
reported a 54-fold purification of ribitol dehydrogenase (3). By 
modifying the original procedure but slightly, enrichments of the 
enzyme of more than 300 times over cell-free extracts have been 
obtained consistently. All buffers were adjusted to appropriate 
pH at room temperature and then cooled to 3°. All operations 


TaBLe [ 
Purification of ribitol dehydrogenase 





Enzyme fraction Total units* Total protein | Specific activity 








mg | units/mg protein 


| 

| | 
Cell-free extract........| 1150 4110 | sO. 28 
Streptomycin......... .| 1715 1260 1.36 
ae | 1885 680 2.04 
Ammonium sulfate...... | 1070 | 233 4.60 
Gel treatment 925 10.2 | 90.5 


} 





* The low recovery of activity in the cruder preparations is 
believed to be due to DPNH oxidase activity. 
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were carried out at 3° unless otherwise specified. The revised 
purification protocol is identical to that reported originally 
through the “Low pH Treatment” (3). 

Ammonium Sulfate Fractionation—The pH of the supernatant 
solution from the “Low pH Treatment” was adjusted to 7.15 
by the slow addition of 0.1 m KOH. Solid ammonium sulfate 
was added slowly with stirring to bring the saturation to 30%. 
After standing for 5 minutes the precipitated protein was col- 
lected by centrifugation at 13,000 x g and discarded. Enough 
salt was added to the supernatant fluid to bring the saturation 
to 45% and the suspension allowed to stand for 10 minutes, 
The precipitated protein was collected by centrifugation at 
13,000 x g, dissolved in enough 0.1 m Tris buffer, pH 7.4, to 
yield a protein concentration of about 8 mg per ml, and dialyzed 
for 6 hours against 0.01 m Tris buffer, pH 7.4, on a rocking dia- 
lyzer. After dialysis, the slightly turbid solution was centri- 
fuged for 15 minutes at 15,000 x g. 

Calcium Phosphate Gel Treatment—The dialysate was diluted 
with 0.01 m Tris buffer, pH 7.4, to give a protein concentration 
of 3.70 mg per ml. To each 27.5 ml of resulting solution were 
added 11.0 ml of cold calcium phosphate gel suspension (9) 
(21.5 mg of solids per ml). After adjustment of the pH to 60 
with 0.1 m acetic acid, the preparation was allowed to stand for 
20 minutes after which it was centrifuged for 5 minutes at 
2,500 x g. The decanted supernatant solution contained no 
enzymatic activity. 

The gel was eluted with 10 ml of 1.0 m Tris buffer, pH 8.5, 
by stirring and then allowing it to stand for 20 minutes at ap- 
proximately 8°. The supernatant fluid, which contained the 
major portion of ribitol dehydrogenase activity was removed by 
decantation after centrifuging for 10 minutes at 2,500 x g. 

The resulting enzyme preparation represents a 323-fold pur- 
fication over cell-free extracts. The highly purified preparation 
exhibited only slight loss of dehydrogenase activity over a period 
of weeks when stored at 3°. Repeated freezing and thawing of 
the enzyme resulted in extensive inactivation. 

Results of the purification protocol are shown in Table |. 
A unit of enzyme is the same as that defined in the previous 
report (3). 

Thermal Inactivation of Ribitol Dehydrogenase—Early in the 
course of these investigations, it was observed that preincuba- 
tion of the enzyme in Tris buffer at pH 8.0 for 15 minutes at 
37° led to extensive loss of catalytic activity. On the other 
hand, preincubation of ribitol dehydrogenase with either DPN 
or DPNH under similar conditions resulted in little if any in 
activation of the enzyme. 
preclude this effect. 
in Table II. 

Substrate or inhibitor protection against thermal inactivation 


Neither sugar substrate appeared to 
The results of these studies are presented 


of enzymes has been observed with a number of systems (10-13). 
Obvious examples are egg albumin which protects trypsin, and 
starch which protects malt amylase against heat denaturation. 
It has been suggested that the substrate in being bound to the 
enzymatically active site prevents weak bond rupture. Such 
bond rupture could lead to uncoiling of the protein helix which 
would result in loss of enzymatic activity (12). 

These data suggested that the nucleotide substrates were most 
probably bound to the active enzymatic site, while ribitol and 


p-ribulose were not. The possibility exists that the latter sub 
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strates could be associated with neighboring sites on the surface 
of the enzyme. 

Kinetic Studies—As shown by Segal et al. (14) and by Alberty 
(15), insight into the possible mechanisms of two-substrate en- 
zymatic reactions may be gained by inspecting experimental 
double-reciprocal Lineweaver-Burk (16) plots obtained by hold- 
ing the concentration of one substrate at various constant levels 
and determining initial reaction velocities as functions of varying 
concentrations of the second substrate, and then reversing the 
procedure, for both forward and reverse reactions. (Substrate 
concentrations must be of the order of magnitude of the Michaelis 
constant for each substrate.) 

Alberty (15) has extended the treatment and demonstrated 
that the number of possible mechanisms fitting a set of experi- 
mental data obtained as above and obeying the general rate 





equation® 
V; 
v= = - > (1) 
K, , Ke Kap 
‘+a + ®t we 


may be reduced in number by consideration of certain relation- 
ships which must exist among the various kinetic parameters 
for the system and the apparent thermodynamic equilibrium 
constant, which may be determined directly under the same ex- 
perimental conditions employed in the kinetic studies. 
lar equation may be written for the reverse reaction. 
For mechanisms obeying the general rate equation (Equation 
1), Florini and Vestling (17) and Frieden (18) have shown that 
these kinetic parameters may all be obtained by graphical analy- 
sis of Lineweaver-Burk plots obtained as described previously. 
The absence of endogenous activity when either substrate was 
omitted from the reaction mixture was first determined with the 
enzyme preparation used in the kinetic studies. The absence of 
inhibition or activation at high substrate concentration was also 
demonstrated. Preliminary studies were made to ascertain the 
proper levels of substrate to be employed in the various kinetic 
experiments, since all substrate concentrations in such studies 
must be approximately of the order of magnitude of the ap- 
parent Michaelis constant for the particular substrate in ques- 
tion. A series of studies was made in which DPN concentration 
was held constant at various levels, and initial reaction veloci- 
ties determined as functions of ribitol concentrations. The re- 
sults are presented in Fig. 1. Substrate concentrations and ex- 
perimental protocol are given in the legend accompanying this 
figure. A second series of experiments was performed in which 
ribitol concentration was held at various constant levels, and 
initial reaction velocities determined as functions of DPN con- 


A simi- 


centrations. The results of this series of experiments are given 
in Fig. 2. The graphs obtained by performing exactly analogous 


experiments for the reverse reaction, and experimental protocol 
ineach case, are given in Figs. 3 and 4. 
The plots obtained all have certain characteristics in common. 


*The definitions used are: A, B, C, and D are substrates in- 
volved in the general hypothetical reaction A + B@ C + D; 
K4, Kp, Ke, and Kp are the corresponding apparent Michaelis 
constants; K 4g and Kcp are complex constants defined by Alberty 
15), and Vy and V, the maximal reaction velocities for the for- 
ward and reverse reactions, respectively. Kppn, Krivitol, Kppnu, 
Kaributosey Kppn-ribitot, and Kppni-v-ribuiose are corresponding 
kinetic parameters for the ribitol dehydrogenase reaction. E 
tepresents enzyme. Parentheses indicate molar concentrations. 
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Substrate protection against thermal inactivation 
of ribitol dehydrogenase 

For forward reaction studies, aliquots of enzyme preparation 
were preincubated for 15 minutes at pH 8.0 at the temperature 
indicated, with a reaction mixture from which one or both sub- 
strates were omitted. After cooling for 5 minutes to 28°, reac- 
tions were initiated by addition of the missing substrate, and 
activity measured spectrophotometrically as described in text. 
The complete reaction mixture was 3.73 X 107° M with respect to 
DPN, 4.33 X 10-? m with respect to ribitol, and contained 1.0 
ml. of 0.1 m Tris buffer, pH 8.0, and sufficient distilled water to 
give a final volume of 2.6 ml including enzyme. The control in 
each case consisted of the complete reaction mixture, to which 
aliquots of enzyme preparation maintained at 0° were added to 
initiate the reaction. 

Similar methods were employed to study the reverse reaction, 
the complete reaction mixture in this case being 1.07 X 10-3 m 
with respect to DPNH and 3.11 X 10-* m with respect to p-ribu- 
lose. 

Amounts of enzyme activity employed in each series of studies 
were constant, but varied from series to series. 





4Aso after 10 minutes 
Preincubation with ———— 





37°* 28°t 
Forward reaction 
No preincubation... 0.212 0.213 
_, Sa ee - 0.202 0.221 
Ribitol........ yaa 0.109 0.210 
Ay ere 0.118 0.221 
Reverse reaction 
No preincubation............... 0.299 | 0.246 
oh inne Maunnw tee okt 0.277 0.246 
ee : 0.220 0.240 
Buffer...... Ee Prk 5" oy 0.208 | 0.240 


* In the “forward reaction’”’ 12.0 ug of enzyme (specific activity 
37.5) and in the “‘reverse reaction’’ 0.7 ug of enzyme (specific ac- 
tivity 37.5) were employed. 

t In the ‘forward reaction” 3.9 ug of enzyme (specific activity 
103) and in the ‘‘reverse reaction”’ 0.3 ug of enzyme (specific ac- 
tivity 93.5) were employed. 


They are all linear, and in each case have common intercepts to 
the left of the y-axis. Further the ordinates of the points of 
common intercept are identical for the two studies of the forward 
reaction; in the case of the reverse reaction the same is true. 
On the basis of these experimental plots, a number of mecha- 
nisms were excluded from consideration. However the fol- 
lowing four reaction mechanisms are all compatible with the 
data: (a) a random order of enzyme-substrate binding involving 
two kinetically important ternary complexes where the equilib- 
ria are adjusted rapidly except for the interconversion of the two 
ternary complexes (Alberty’s most general mechanism (15)); (6) 
a compulsory pathway involving a single kinetically distinguish- 
able ternary enzyme-substrate complex; (c) a compulsory path- 
way involving more than one kinetically significant enzyme- 
substrate complex; and (d) a mechanism involving two binary 
enzyme-substrate complexes. 

Reciprocals of maximal reaction velocities for varying con- 
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Fig. 1. Plot of reciprocal of initial reaction velocity (V;) versus 
reciprocal of molar concentration of ribitol. DPN concentrations 
were held constant at 3.76 X 10-* m, MH; 5.26 X 10-‘ m, @; 3.76 x 
10-4‘ m, @; and 3.00 X 10-*m, O; V; was determined as a function 
of ribitol concentration which was varied in the range 4.33 K 1072 
to 8.66 X 10°? m. Velocities are expressed as the molar concen- 
tration of DPNH formed in the reaction mixture over a period of 
10 minutes after addition of enzyme. Other details are as de- 
scribed under “‘Experimental Procedure.” 
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Fig. 2. Plot of reciprocal of initial reaction velocity (V;) versus 
reciprocal of DPN concentration. Ribitol concentrations were 
held constant at 4.33 X 10-2 mM, @; 1.21 X 10-2 mM, @; 6.93 X 10-3 
M, O; and 3.46 X 10-3 mM, X; V; was determined as a function of 
DPN concentration which was varied in the range 3.73 X 10-* to 
2.98 X 10-*m. V;, is expressed as in Fig. 1. Other experimental 
details are given under ‘‘Experimental Procedure.”’ 


centrations of the substrates held constant in the kinetic studies 
plotted in Figs. 1-4 were replotted against substrate concentra- 
tions for the forward reaction (Fig. 5) and for the reverse reac- 
tion (Fig. 6). From intercepts of these graphs with the axes 
and coordinates of common intercepts, the various kinetic pa- 
rameters for forward and reverse reactions, given in Table III, 
were obtained. The linearity of plots in Figs. 5 and 6, and the 
common intercept of the various curves with each other on the 
y-axis in each case, confirm the accuracy of the kinetic data. 

The apparent thermodynamic equilibrium constant, defined by 
the equation 


(DPNH)(p-ribulose) 


Kapp = (DPN) (ribitol) 
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was redetermined under the conditions employed in the kinetie 
experiments (28°, pH 8.0). Equilibrium was approached from 
both directions, and various substrate concentrations were em- 
ployed. The initial and equilibrium substrate concentrations 
and other experimental protocol are given in Table IV. The 
K,pp determined in this study is slightly lower than that pre. 
viously reported (3). The present studies were made at 28°; 
those previously reported were made at 37°. The enzymatic 
p-ribulose assay employed in the present studies is also con- 
siderably more precise than the periodic acid oxidation method, 
based on a fructose standard, employed in previous work. 
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Fig. 3. Plot of reciprocal of initial reaction velocity (V;) versus 
reciprocal of p-ribulose concentration. DPNH concentration was 
held constant at 9.74 X 10-°'m, @; 5.85 X 10-°m, @; 2.67 X 10° 
M, O; and 2.14 X 10-'m, X; V; was determined as a function of 
p-ribulose concentration which was varied in the range 4.26 X 10° 
to 2.12 X 10-*m. V, is expressed as the molar concentration of 
DPN produced in the reaction mixture over a 10-minute period 
after addition of enzyme. Other details are described under 
‘Experimental Procedure.’’ 
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Fia. 4. Plot of reciprocal of initial reaction velocity (V;) versus 
reciprocal of DPNH concentration. 


10-* m, @; 2.83 XK 10-4, O; and 2.12 X 10-*m, X; V; was deter- 
mined as a function of DPNH concentration which was varied in 
the range 9.74 X 10-* to 2.14 X 10-°'m. V;, is expressed as in Fig. 
3; other experimental details are given under ‘Experimental 
Procedure.”’ 
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Fig. 5. Plot of reciprocal of maximum reaction velocities (Vm) 
(obtained from y-axis intercepts in Figs. 1 and 2) versus reciprocals 
of molar concentrations (S) of ribitol, O, and DPN, @. Inter- 
sections of plots with y-axis evaluate 1/V,, and with the z-axis, 
—1/Kpen and —1/Kyivitoi- 
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Fic. 6. Plot of reciprocal of maximum reaction velocities (Vm) 
(obtained from y-axis intercepts in Figs. 3 and 4) versus reciprocals 
of molar concentrations (S) of p-ribulose, @, and DPNH, oO. 
Intersection of plots with y-axis evaluates 1/V,, and with the 
z-axis, —1/Kppnu and —1/Ko-ributose- 
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Kinetic parameters for ribitol dehydrogenase system calculated by 
graphical analysis (see Figs. 1-6) according to methods of Florini 
and Vestling (17) and Frieden (18) 








Forward reaction 


Kppy . Terre 2.27 X 10°-* m 

_ 5.00 X 10-3 m 
Kppn-rivito} - =e 3.19 K 10-* m? 
Ee ae 1.15 X 10-4 M/10 min 

Reverse reaction 

Kppnu . ore 2.60 X 105m 
Rincthatens rere 4.85 X 10* Mm 
Kppnu-p-ribulose da aan ovat 3.47 X 10-8 m? 

_ NE ADOR SSS Ct aay cane 1.74 X 10-4 m/10 min 











As the data in Table V indicate, the value calculated from 
kinetic parameters according to the relationship 
V,Kopnn-v tibulose 
V,Koppn-ribitol 
is identical with the average apparent thermodynamic equilib- 
rium constant experimentally determined directly. This rela- 
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tionship should hold for all mechanisms to which Equation 1 
is applicable, as well as for the four possible reaction mecha- 
nisms previously listed. On the other hand, in addition to 
previous requirements, the following relationship should prevail 
if the fourth mechanism, involving two binary enzyme-substrate 
complexes, actually is the mechanism: 


rip , 
VsKopnnKo-ribu lose 


Kapp = 
Pp "aK 7 
J *KppnKrivitol 


The calculated value of 0.318 x 10-? does not agree well with 
the observed apparent equilibrium constant; and on this basis, 
this mechanism is eliminated from consideration. It is impos- 
sible to choose further between mechanisms a, b, and c on the 
basis of the kinetic approach employed. 

Spectral Studies—From the thermal inactivation and kinetic 


TABLE IV 


Determination of apparent thermodynamic equilibrium 
constant at 28°, pH 8.0 


Reaction mixtures were prepared by dissolving appropriate 
amounts of substrate solutions in 0.90 ml of 0.1 m Tris buffer, pH 
8.0, and diluting to 2.6 ml. The samples were maintained in a 
water bath at 28°, and aliquots of 2.0 ml transferred to 1-cm 
cuvettes maintained at 28° in a Beckman DU spectrophotometer 
equipped with dual thermospacers and maintained at constant 
temperature by means of a circulating water bath. Enzyme 
solution, 0.1 ml (specific activity 37.5), was added, and the reac- 
tion followed to equilibrium by observation of changes in absorb- 
ance at 340 my. Similar reaction mixtures, containing buffer in 
place of enzyme, served as blanks. (Corrections were made for 
the slight absorbance at 340 my due to the comparatively large 
amounts of enzyme used in these equilibrium studies. The 
absorbance of aliquots of the enzyme preparation was determined 
against a blank consisting of the buffer in which the enzyme was 
dissolved; the absorbance in the equilibrium studies was then 
adjusted for this value.) 

The initial concentrations of substrates in the reaction mixture 
are tabulated below. Changes in DPNH concentration were 
calculated on the basis of Ensso = 6.22 X 10* for the reduced 
nucleotide. Other equilibrium concentration values were cal- 
culated from these data on the basis of the previously determined 
stoichiometry of the reaction (3). 


Equilibrium values 
Added initially Equilibrium starting with ribitol 
| and DPN Kapp 
| 
































DPN | Ribitol | DPNH | pipaiose| DPN | Ribitol | 
moles | wmoles | mole | nmole | wmoles rs 
3.00 2.00 | 0.190 0.190 2.81 1.81 0.711 X 10°? 
2.75 2.00 | 0.183 | 0.183 | 2.57 | 1.82 0.715 X 10°? 
3.00 2.00 | 0.188 | 0.188 | 2.81 | 1.81 0.695 K 10°? 
4.00 1.00 | 0.152 0.152 3.85 0.85 0.703 X 10°? 
Equilibrium starting with p-ribulose 
| and DPNH 
DPNH | Ribulose | —— one = Kapp 
| DPNH nuke DPN | Ribitol 
pmole | pmole pmole rey pmole pmole : 
0.307 | 0.322 | 0.019 0.034 0.288 0.288 0.762 XK 10°? 
Average 





| 0.717 X 107? 
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TABLE V 
Comparison of apparent thermodynamic equilibrium constant 
determined at 28° and pH 8.0 with values obtained by 
substitution of kinetic data into expressions 


Ribitol Dehydrogenase. 





derived by Alberty (16) 


3 
VsKDPNH-P-ribulose V;KDPNHKp-ribu lose 


Observed equilibrium 




















VrKDpN-ribitol ViKppNnKribitol | a 
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0.717 X 107? 0.318 X 107? 0.717 X 107? 
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Fig. 7. Ultraviolet spectrum of ribitol dehydrogenase at pH 
7.4. Specific activity 79.6, protein concentration, 0.45 mg per ml. 
Preparation was prepared by treatment with p-chloromercuri- 
benzoate, charcoal, and dialysis as described in text. 


studies on the ribitol dehydrogenase system already presented, 
it seemed reasonable that a compulsory binding pathway of 
enzyme and coenzyme would be the most logical mechanism for 
the system. For this reason spectrophotometric studies were 
initiated in an attempt to discern the formation of an enzyme- 
DPN complex. 

When the spectrum of the most highly purified preparation of 
ribitol dehydrogenase was determined, it was found that ap- 
preciable nucleic acid (or nucleotide) material which could not 
be removed by dialysis was associated with the enzyme as indi- 
cated from the absorbances at 260 mu and 280 mu. This prep- 
aration of the enzyme was concentrated by addition of enough 
ammonium sulfate at 3° to bring the saturation to 90%. After 
standing for 10 minutes the precipitate was removed by centrif- 
ugation (13,000 x g for 15 minutes) and finally taken up in 
0.1 m Tris buffer, pH 7.4, after which it was dialyzed for 18 
hours against this same buffer in a rocking dialyzer. Nucleotide 
material was removed from the enzyme by treatment with p- 
chloromercuribenzoate followed by addition of acid-washed 
Norit. The enzyme preparation was finally dialyzed against 
0.1 m Tris buffer, pH 8.5, for 12 hours at 3° in a rocking dialyzer 
after which its spectrum was redetermined. Fig. 7 depicts the 
result obtained. It can be seen from this figure that the enzyme 
has the appearance of a typical apoenzyme. 

The dehydrogenase preparation was further treated for 30 
minutes at 3° with a 4-fold excess of DPN and t-cysteine by 
assuming a molecular weight of 100,000 and four DPN binding 
sites. The preparation was finally dialyzed as above and the 
spectrum determined from 300 to 390 my. Upon the addition 
of p-chloromercuribenzoate a shift in the spectrum of the DPN- 
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treated enzyme occurred almost immediately and remained cop. 
stant after 17 minutes. The addition of L-cysteine to the mer. 
curibenzoate-treated preparation resulted in a restoration of the 
original spectrum which remained constant after 30 minutes, 
These results are shown in Fig. 8. 

Theorell and Bonnichsen (19) observed an alteration of the 
spectrum of DPNH in the presence of liver aleohol dehydrogenase 
and Chance and Neilands (20) demonstrated a similar effect with 
DPNH and lactic dehydrogenase. These results were taken to 
mean that the enzyme forms a binary complex with the reduced 
coenzyme. Further, the dissociation of the complex with p 
chloromercuribenzoate indicated the coenzyme was _ probably 
bound through an enzyme sulfhydryl group (19). Other investi. 
gators have come to comparable conclusions for glyceraldehyde 
3-phosphate dehydrogenase and DPN by employing similar 
techniques (21, 22). It appears then that ribitol dehydrogenase 
forms a binary complex with DPN in the absence of ribitol and 
that at least one of the points of attachment of coenzyme to 
enzyme is through an enzyme sulfhydryl group. 

To demonstrate further that the oxidized nucleotide was as- 
sociated with the enzyme, the spectrum of a second preparation 
of ribitol dehydrogenase which had been treated as described 
previously was redetermined from 290 to 390 mu. A small 
amount of ribitol was then added and the new spectrum re 
corded. These data are presented in Fig. 9. As might be ex- 
pected the addition of ribitol caused an increased absorbance in 
the depicted range. Fig. 10 shows the difference spectrum ob- 
tained in the presence and absence of added ribitol. It can be 
seen that the curve resembles that of DPNH, but shifted to 
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Fig. 8. Effect of p-chloromercuribenzoate and L-cysteine on the 
ultraviolet absorption spectrum of ribitol dehydrogenase-DPN 
complex at pH 8.4. Protein concentration 3.5 mg per ml, specific 
activity, 79.6. @ indicates spectrum after mercuribenzoate, 
Norit, DPN, L-cysteine, and dialysis treatment described in the 
text; spectrum after addition of mercuribenzoate, final concentra- 
tion 5.3 X 10-‘M, is indicated by ®; and after addition of L-cys- 
teine final concentration 6.0 X 10-?m, by O. Absorbance due to 
reagents was in all cases blanked out by addition of equal aliquots 
of reagent to enzyme and blank preparations. All absorbance 
values are corrected for dilution due to addition of reagents. 
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shorter wave lengths. Very similar results were obtained for 
the DPNH-liver alcohol dehydrogenase system (19). Although 
it is acknowledged that spectral shift experiments were not 
undertaken directly in this work with the enzyme and DPNH, 
the difference spectrum obtained upon the addition of ribitol 
to the E-DPN complex suggests the probable existence of an 
E-DPNH complex. It seems difficult to conclude otherwise from 
the data presented. 

Although it seems unwarranted to assume that the ribitol 
dehydrogenase used in these spectral experiments represents a 
pure enzyme, it can be concluded from the data presented in 
Figs. 9 and 10 that the changes observed are due primarily, if 
not completely, to ribitol dehydrogenase-coenzyme binding. If 
the alterations in the spectrum of the protein-DPN complex were 
the result of binding of DPN to a dehydrogenase (or protein) 
other than ribitol dehydrogenase, the addition of ribitol would 
not be expected to cause the formation of DPNH. Further, the 
shift of the DPNH spectrum to shorter wave lengths appears to 
substantiate this conclusion. 

Inhibition Studies—It was of interest to attempt to correlate 
the spectral changes observed with the mercuribenzoate described 
above with its effect on the reaction catalyzed by ribitol dehy- 
drogenase. It might be expected that the mercuribenzoate 
would cause enzyme inhibition and that this alteration should be 
reversed by L-cysteine. That this was indeed the case was il- 
lustrated by the following experiments. The apoenzyme was 
prepared as for spectral studies by treatment with p-chloromer- 
curibenzoate, Norit, and L-cysteine, followed by dialysis against 
0.1 m Tris buffer, pH 8.0. Inhibition studies were carried out 
with a reaction mixture consisting of 7.69 x 10-4 m DPN, and 
2.60 X 10-2 Mm ribitol (and in certain cases p-chloromercuribenzo- 
ate or L-cysteine, or both, at concentration levels described be- 
low) in 2.0 ml of 0.1 m Tris buffer, pH 8.0, and sufficient distilled 
water to give a final volume of 2.6 ml, including enzyme. In- 
hibition with p-chloromercuribenzoate was slight when reactions 
were initiated by addition of enzyme to the complete reaction 
mixture, including inhibitor. p-Chloromercuribenzoate at a 
concentration (assayed by the method of Boyer (23)) of 3.92 x 
10-* m caused 23% inhibition under these conditions, whereas 
the same concentration of inhibitor caused 85% inhibition when 
the enzyme was first preincubated for 10 minutes at 28° with 
the buffer and inhibitor, and the reaction then initiated by addi- 
tion of substrates. Under the latter conditions 1.96 x 10-4 m 
p-chloromercuribenzoate caused 28% inhibition. These obser- 
vations are in agreement with the spectral data which indicate 
that the reaction between inhibitor and enzyme is not instan- 
taneous. Inclusion of either L-cysteine or DPN in the preincu- 
bation mixture partially reversed the mercuribenzoate inhibition; 
whereas 9.8 < 10-4 m p-chloromercuribenzoate caused a 51% 
inhibition, inclusion of 0.1 ml of 10-* m L-cysteine in the pre- 
incubation mixture reduced the inhibition to 25%. Similarly, 
inclusion of 0.2 ml of 10-* m DPN in the preincubation mixture 
reduced the inhibition to 33%. 

The reversal of the mercuribenzoate inhibition by L-cysteine 
was demonstrated directly by first preincubating the enzyme with 
the inhibitor and buffer for 10 minutes at 28°, then initiating the 
reaction by addition of substrates and, after recording the course 
of the reaction for 7 minutes by reading optical densities at 340 
my, adding L-cysteine to the reaction mixture. Parallel control 
experiments (in which the mercuribenzoate was omitted) with 
and without L-cysteine were run simultaneously. Results of 
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such studies are given in Fig. 11; additional experimental details 
are given in the legend accompanying the figure. 

The results of these inhibition studies are consistent with 
spectral changes observed to occur on addition of p-chloromer- 
curibenzoate followed by the addition of L-cysteine. The former 
appears to inhibit the reaction by competing with DPN for sulf- 
hydryl groups at the active site of the enzyme resulting in dis- 
placement of the nucleotide. Cysteine appears to reverse this 
effect, both in the spectral and inhibition studies. Although 
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Fig. 9. Effect of ribitol on the ultraviolet absorption spectrum 
of enzyme-nucleotide complex at pH 8.4. Protein concentration 
3.5 mg per ml; specific activity 79.6.B Ribitol dehydrogenase-nu- 
cleotide complex before addition of ribitol @, and after addition 
of 0.2 ml of 2.25 X 10°! m ribitol O. Details are given in text. 
Absorbance due to ribitol was blanked out by addition of an equal 
aliquot to blank consisting of same volume as enzyme solution. 
Absorbance values after addition of ribitol are corrected for dilu- 
tion. 
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Fic. 10. Difference spectrum obtained by subtracting the spec- 
trum of enzyme-nucleotide complex obtained before addition of 
ribitol from the spectrum resulting after addition of ribitol and 
correction for dilution. Conditions are as described in Fig. 9. 
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Fia. 11. The inhibition of ribitol dehydrogenase by p-chloro- 
mercuribenzoate, and the reversal of this effect by L-cysteine. 
The apoenzyme, prepared as described in the text, was preincu- 
bated with 2.0 ml of 0.1 m Tris buffer, pH 8.0, and mercuribenzoate 
(final concentration 9.8 X 10-4 m) for 10 minutes at 28°, and the 
reaction initiated by the addition of substrates O. The additions 
of L-cysteine to the reaction mixture are indicated by the arrows. 
Final L-cysteine concentrations: A, 1.65 X 107! m; B, 2.83 K 107 
mM. Enzyme concentration was 1.5 X 10-* mg of protein per 2.6 
ml reaction mixture. 

Control experiments @ in which the mercuribenzoate was omit- 
ted were run simultaneously. Solid line refers to system lacking 
L-cysteine; broken line to system which had been preincubated 
with 1.97 X 10~ M L-cysteine. 


extensive inhibition experiments were not undertaken (these will 
be the subject of a future report) the fact that DPN can reverse 
the effect of the mercuribenzoate suggests the compounds are 
probably cormpeting for the same enzymatic site. 


DISCUSSION 


The data presented in this report appear to limit the mecha- 
nism of ribitol dehydrogenase to two possibilities. Either a 
random order of addition of substrates to the enzyme, or a com- 
pulsory order of substrate-enzyme binding involving the for- 
mation of one or more kinetically significant ternary enzyme- 
substrate complexes. Although the data appear compatible with 
either situation, the fact that the coenzyme is bound to the en- 
zymatically active site of ribitol dehydrogenase, as evidenced 
from the thermal inactivation and spectral experiments, is sug- 
gestive of a reaction pathway involving enzyme-coenzyme bind- 
ing as a first step in the series. Furthermore, a compulsory order 
of enzyme-coenzyme binding rather than random substrate 
complex formation has been reported as the mechanism for those 
other dehydrogenases which have been studied extensively 
(4, 19, 20, 25). For the sake of brevity the following discussion 
will be limited to the situation involving a compulsory binding 
sequence, however, it should be borne in mind that strong ar- 
guments can be made regarding the alternate possibility. The 
following is proposed then as a reasonable mechanism for the 
considered reaction: 


E + DPN 


2 E-DPN 
E-DPN + ribitol s 


E-DPN-ribitol 


E-DPN-ribitol = H-DPNH-p-ribulose = E-DPNH + p-ribulose 
E-DPNH 2 E + DPNH 


Ribitol Dehydrogenase. 
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Although it is not possible to choose between the existence of 
one or more kinetically significant ternary complexes from thege 
results alone, Alberty (24) has recently suggested an approach 
to making such a choice. 

Takenaka and Schwert (4) with the use of kinetic studies jp 
conjunction with ultracentrifugal experiments involving lactic 
dehydrogenase concluded the reaction mechansim to be similar 
to that for ribitol dehydrogenase. On the other hand, Theorell 
and Chance (25) showed the liver alcohol dehydrogenase mech- 
anism to involve enzyme substrate binary complexes. Although 
the number of systems investigated is too small for general con- 
clusions to be drawn, it is interesting to note the similarities which 
exist between the lactic and ribitol dehydrogenase systems as 
compared to that for alcohol dehydrogenase. In the former 
cases secondary alcohols are converted to ketones whereas in the 
latter instance a primary alcohol gives rise to an aldehyde. 

Calculation of the dissociation constants of the binary E-DPN 
and E-DPNH complexes from the kinetic results according to 
the suggestions of Frieden (18) and Takenaka and Schwert (4) 
give values of 6.38 x 10-4 m for the oxidized and 7.14 x 10- 
M for the reduced complex. Future studies on the molecular 
weight, coenzyme-enzyme binding ratios, and equilibrium dialy- 
sis experiments which are presently contemplated may help to 
substantiate or refute certain kinetic data presented in this study, 
These investigations may also permit a choice to be made be- 
tween the compulsory pathway hypothesis and that involving 
the random sequence of substrate addition to the enzyme. 


SUMMARY 


Ribitol dehydrogenase from Aerobacter aerogenes was purified 
300-fold over cell-free extracts. Protection of the enzyme against 
thermal inactivation was afforded by substrates DPN and DPNH 
but not by ribitol or p-ribulose. Correlation of kinetic studies 
with the apparent equilibrium constant indicated the reaction 
mechanism to involve either a compulsory binding pathway of 
enzyme with substrates leading to the formation of one or more 


ternary enzyme-substrate complexes or a random addition of f 


substrates to the enzyme. The formation of enzyme-coenzyme 
complexes was indicated from spectrophotometric measurements 
of ribitol dehydrogenase and DPN. The significance of these 
results are discussed in light of the kinetic data in an endeavor 
to elucidate the reaction mechanism. Various kinetic param- 


eters for the considered system were calculated from the kinetic [ 


studies. 
An enzymatic method for the determination of p-ribulose is 
presented. 


Acknowledgment—The authors wish to express their apprecia- 
tion to Dr. John W. Vennes for furnishing the organisms used 
in these experiments. 
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In the course of investigations on the transformation of ribose 
into deoxyribose derivatives, it was observed that the incubation 
of ribose 5-phosphate and phosphorylenol pyruvate with crude 
extracts of Pseudomonas aeruginosa resulted in the accumulation 
of a deoxy compound which was tentatively identified as 2-keto- 
3-deoxy-8-phosphooctonic acid (1). Further studies revealed 
that at least two enzymes were involved in the synthesis of this 
compound. The first enzyme converted ribose-5-P to arabinose- 
5-P. The second enzyme catalyzed a condensation between 
arabinose-5-P and phosphorylenol pyruvate similar to the con- 
densation of erythrose-4-P and phosphorylenol pyruvate to 
2-keto-3-deoxy-7-phosphoheptonic acid in extracts from Escher- 
ichia coli (2-4). Extracts from:P. aeruginosa were found to con- 
dense erythrose-4-P as well as arabinose-5-P with phosphorylenol 
pyruvate. Fractionation of the crude extract resulted in a 
separation of the two activities. 

KDP-octonate! belongs to a group of intermediates character- 
ized as 2-keto-3-deoxy aldonic acids. Included in this group 
are KDP-gluconate, an intermediate in an alternate pathway of 
carbohydrate metabolism found in many microorganisms (5-8); 
KDP-heptonate, an intermediate in the biosynthesis of shikimic 
acid (2-4); and the neuraminic acid derivatives which are widely 
distributed in nature (9-14). 

It is the purpose of this paper to describe some properties of 
the partially purified enzyme that catalyzes the formation of 
KDP-octonate from arabinose-5-P and phosphorylenol pyruvate, 
and to present details of investigations on the properties of the 
purified KDP-octonate. 


EXPERIMENTAL PROCEDURE 


Materials—The barium salts of ribose-5-P and fructose-1 ,6- 
di-P were obtained from the Schwarz Laboratories, Inc. The 
barium salt of 6-P-gluconate was obtained from the Sigma Chem- 
ical Company. p-Xylose-5-P was kindly supplied by Dr. R. W. 
Watson, and p-arabinose-1-P by Dr. H. G. Khorana. p-Eryth- 
rose-4-P and p-glyceraldehyde-3-P were generously supplied by 


*This work was supported by Grant No. C-3463 from the 
National Institutes of Health, United States Public Health 
Service, Bethesda, Maryland. 

t Predoctoral Fellow, The Public Health Research Institute of 
the City of New York, Inc. Taken in part from a doctoral dis- 
sertation submitted to the faculty of New York University. 

Present address, Department of Biochemistry, Institut de 
Biologie, 13 Rue Pierre Curie, Paris 5, France. 

1 The abbreviations used are: KD, 2-keto-3-deoxy; KDP, KD- 
phospho; Tris, tris(hydroxymethyl)aminomethane; EDTA, ethyl- 
enediaminetetraacetate. 


Dr. C. E. Ballou. In addition, a mixture of these two inter. 
mediates was prepared as described by Klybas et al. (15). The 
glyceraldehyde-3-P in the mixture did not interfere with the 
utilization of erythrose-4-P. Three different preparations of 
p-arabinose-5-P were obtained. One sample was obtained as 
the brucine salt from the P. A. Levene collection.2 The second 
sample was prepared by treatment of p-glucose-6-P with one 
equivalent of lead tetraacetate. Although the isolated material 
was chromatographically pure, the yield was very low. The 
third preparation was chemically synthesized from p-arabinose 
and polyphosphoric acid by a procedure similar to that of Seeg- 


miller and Horecker (16) for the synthesis of p-glucose-6-P from | 


p-glucose and polyphosphoric acid. The isolated p-arabinose- 


5-P was chromatographically pure and contained no hexose or 


pentose other than arabinose and less than 5% inorganic phos } 


phate. Phosphorylenol pyruvate was obtained as the silver 


barium salt from Boehringer and Soehne, Germany, and freed | 
from silver and barium according to the method of Lohmann f 


and Meyerhof (17). 2-Keto-3-deoxy-7-phosphoheptonic acid 
was generously supplied as the barium salt by Drs. D. B. Sprix- 
son and P. R. Srinivasan; 2-keto-3-deoxygalactonic acid by Dr. 
M. Doudoroff; 2-keto-3-deoxygluconic acid by Dr. S. Roseman. 
a-Monothioglycerol was obtained from Evans Chemetics, Ine. 
Pyruvate kinase and lactate dehydrogenase were obtained from 
Boehringer and Soehne, Germany. Transaldolase was prepared 
as described previously (18). 

Analytical Methods—The 2-keto-3-deoxy aldonic acids were 
assayed colorimetrically according to the procedure of Warav- 
dekar and Saslaw (19) as modified by Weissbach and Hurwit?’ 
(20). Pentoses were measured colorimetrically according to 
Mejbaum (21). Inorganic and organic phosphate were measured 
according to Lohmann and Jendrassik (22). Erythrose-4-P was 
assayed enzymatically as described by Cooper et al. (23). Pro 
tein in the crude extract was determined turbidimetrically ac- 
cording to Kunitz (24) except that the final trichloroacetic acid 
concentration was 3%. Protein estimation in the purified prep- 
arations was measured according to Warburg and Christian (25). 

Definition of Unit and Specific Activity—A unit of enzyme 
activity is defined as the amount of enzyme that catalyzes the 
turnover of 1 micromole of substrate per minute. Specific ae- 
tivity is defined as units per mg of protein. 

Cultivation and Harvest of Bacteria—Pseudomonas aeruginos 

2 We are indebted to Dr. R. Hotchkiss of the Rockefeller Insti- 
tute for Medical Research for this material. 


’ This information was kindly communicated to us by Dr. J. 
Hurwitz before publication. 
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(pyocyaneus) obtained from Dr. W. L. Barksdale of the Depart- 
ment of Microbiology of the New York University-Bellevue 
Medical Center, was grown in 20-liter bottles for 15 hours at 35° 
with aeration by rotation. The growth medium contained the 
following components: 0.15% tryptone (Difco), 0.1% yeast 
extract (Difco), 0.5% glucose, 0.1% K»HPO,, and 1.29% KCl, 
at a final pH of 6.8. The cultures were harvested by centrifuga- 
tion in the cold and washed three times with 0.01 m Tris buffer, 
pH 7.5. The yield was approximately 2 g of bacteria (wet 
weight) per liter. The organisms could be stored at —20° for 
several weeks. 

Preparation of Crude Extract—Forty-eight grams of bacteria 
(wet weight) were suspended in 160 ml of 0.02 m Tris buffer, pH 
7.5, and subjected to sonic oscillation in a 10 ke Raytheon sonic 
oscillator for 8 minutes in 15-ml aliquots. After centrifugation 
at 18,000 X g for 30 minutes, the crude cell-free extract contained 
about 36 mg of protein per ml in a final volume of 150 ml. The 
extract could be stored for several months at —20° with little 
loss of activity. 


Purification of KDP-octonate Synthetase 


Step 1: Treatment with MnCl.—Except where otherwise speci- 
fied, all operations were carried out at about 2°. The crude 
extract, 150 ml (36 mg of protein per ml), was diluted with 
water to a final volume of 450 ml and 39 ml of a freshly prepared 
solution of 1 m MnCl, pH 6.9, was added. After standing at 
room temperature for 10 minutes, the mixture was centrifuged 
at 18,000 x g for 10 minutes and the precipitate was discarded. 
The supernatant solution (488 ml) was fractionated with am- 
monium sulfate. 

Step 2: Ammonium Sulfate Fractionation—One volume of a 
saturated solution of ammonium sulfate, pH 7.2, was added 
slowly with mechanical stirring to the supernatant solution. 
The mixture was stirred for an additional 20 minutes and then 
centrifuged at 13,000 x g for 20 minutes. The precipitate was 
discarded. Solid ammonium sulfate, 1388 g, was added slowly 
with mechanical stirring to the supernatant solution (926 ml) 
and the mixture was stirred for 20 minutes and centrifuged as 
before. The supernatant solution was discarded and the 
precipitate was dissolved in 30 ml of 0.02 m Tris buffer, pH 7.5, 
and dialyzed for 4 hours against 3 liters of 0.02 m Tris buffer, 
pH 7.5, containing 0.01 m thioglycerol, with hourly changes of 
the dialysate. After dialysis, this fraction, designated Fraction 
I, contained 488 mg of protein in a final volume of 34 ml and 
could be stored for several months at —20° with little loss in 
activity. 

Step 3: Precipitation with Protamine Sulfate—Fraction I was 
diluted with water to a concentration of 5 mg of protein per ml in 
a final volume of 90 ml. A freshly prepared 1% solution of 
protamine sulfate was adjusted to pH 6.8 with dilute sodium 
hydroxide and centrifuged to remove insoluble material. Of 
this solution, 9 ml were added to Fraction I and the mixture was 
centrifuged at 12,000 x g for 15 minutes. The supernatant 
solution, which contained KDP-heptonate synthetase was 
decanted and stored at —20°. From the precipitate KDP- 
octonate synthetase was obtained. 

Step 4: Elution of Enzyme from Precipitate—The gummy 
precipitate was eluted with 12 ml of 0.6 m KCl in 0.02 m Tris 
buffer, pH 7.5, by grinding with a glass rod until a fine suspension 
was produced, followed by centrifugation at 18,000 x g for 30 
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TaBLe I 
Purification of 2-keto-3-deoryphosphooctonate synthetase 

In a final volume of 0.45 ml the following components were in- 
cubated at 37° for 60 minutes: 20 uwmoles of histidine buffer, pH 
7.2; 2 umoles of arabinose-5-P; 2 umoles of phosphorylenol pyru- 
vate; 10 umoles of sodium fluoride, and the enzyme solution to be 
tested. After deproteinization by addition of 0.05 ml of 50% tri- 
chloroacetic acid, the supernatant fluid was analyzed for KDP- 
octonate. 


Fraction Volume Total antivity [Total units | Yield 
protein xX 100 | 
ml me | % 
Crude extract 150 5,400 0.128 6.91 100 
Rivas 34 448 0.617 2.76 40 
ee ‘ 6 58 3.80 2.20 31 


minutes. The supernatant solution (12 ml) was collected and 
fractionated with ammonium sulfate. 

Step 5: Fractionation with Ammonium Sulfate—One volume of 
a saturated solution of ammonium sulfate, pH 7.2, was added 
slowly with mechanical stirring and the mixture centrifuged for 
20 minutes at 13,000 x g. The precipitate was dissolved in 5 
ml of 0.02 m Tris buffer, pH 7.5 (Fraction II). To the super- 
natant solution, 12 ml of a saturated ammonium sulfate solution 
were added and the resultant precipitate was dissolved in 5.5 
ml of 0.02 m Tris buffer, pH 7.5 (Fraction III). Fractions II 
and III were dialyzed for 4 hours against 1 liter of 0.02 m Tris 
buffer, pH 7.5, containing 0.01 m thioglycerol with hourly changes 
of dialyzing fluid. Fraction II contained 58 mg of protein in a 
final volume of 6 ml and represented a 30-fold purification of 
KDP-octonate synthetase. A summary of the purification and 
recovery of the enzyme is given in Table I. 


Enzymatic Preparation of 2-Keto-3-deoxy-8-Phosphooctonic Acid 


Large scale preparations of KDP-octonate from ribose-5-P 
and phosphorylenol pyruvate were carried out with crude ex- 
tracts of P. aeruginosa. Nevertheless, the final preparation of 
KDP-octonate did not contain any KDP-heptonate. Either 
none was formed with ribose-5-P as substrate, or if formed it was 
further metabolized in the crude extracts as will be described 
later. The incubation mixture contained the following com- 
ponents in a 1-liter Erlenmeyer flask in a final volume of 450 ml: 
25 mmoles of histidine-KC] buffer, pH 7.2; 1 mmole of ribose- 
5-P; 1 mmole of phosphorylenol pyruvate; 10 mmoles of sodium 
fluoride; and crude extract containing 2 g of protein. Incubation 
proceeded at 37° for 3 hours. The flask was then chilled and 
0.05 volume of 50% perchloric acid was added. After centrifuga- 
tion at 10,000 x g, the supernatant solution was neutralized to 
pH 6.9 with 10 n KOH and the flask was left standing for 1 hour 
in the cold and the precipitated potassium perchlorate was 
removed by centrifugation. The volume of the supernatant 
solution was reduced to 144 ml by flash evaporation at 40° under 
reduced pressure. After 1 hour at 0°, additional potassium 
perchlorate was filtered off and 0.1 volume of 1 m barium acetate 
and 2 volumes of cold 95% ethanol were added to the filtrate. 
After 16 hours at 0°, the barium salt was collected by centrifuga- 
tion and extracted four times with 5 ml of 0.6 n HCl. Barium 
was removed from the combined extracts with a slight excess of 
1 M ammonium sulfate. The solution was added to a Dowex 








TABLE II 


Dependency of 2-keto-3-deoxyphosphooctonate synthesis on ribose 
§-phosphate and phosphorylenol pyruvate 

The incubation mixture contained 50 uzmoles of histidine buffer, 
pH 7.2, and crude extract of P. aeruginosa containing 4 mg of 
protein. The following additions were made as indicated in the 
table: 2 umoles of ribose-5-P, 2 umoles of phosphorylenol pyruvate, 
10 wmoles of sodium fluoride, and 1 umole of sodium iodoacetate. 
The final volume was 0.9 ml. After incubating at 37° for 60 min- 
utes, the reaction was stopped by the addition of 0.1 ml of 50% 
trichloroacetic acid and the supernatant fluid was assayed. The 
values are expressed as umoles of KDP-octonate synthesized in 60 
minutes. 





KDP-octonate 





Additions synthesized 
St aie edie ie ea a Oe or ee cas 0 
I rs SSP tg Sele Be Ls oe Lala ed adiwGodiw kien 0.180 
Ribose-5-P + sodium fluoride.................... 0.008 


Ribose-5-P + iodoacetate...................0000. 0 





Ribose-5-P + phosphorylenol pyruvate........... 0.420 
Ribose-5-P + phosphorylenol pyruvate + sodium 

a AIR § REN 5 8S Re Oe ae 0.480 
Phosphorylenol pyruvate + sodium fluoride...... 0.012 





TaBLe III 


Comparison of phosphorylated sugars as substrates 
for deozy compound formation 

The incubation mixtures contained the following components 
in a final volume of 0.9 ml: 50 umoles of histidine buffer, pH 7.2; 
2 umoles of phosphorylenol pyruvate; 10 umoles of sodium fluo- 
ride; and crude extract containing 4 mg of protein in Experiment 
I and 2 mg of protein in Experiment II. Twoumolesof each sugar 
phosphate were added as indicated in the table. After incuba- 
tion at 37° for 30 minutes, the reaction was stopped by the addi- 
tion of 0.1 ml of 50% trichloroacetic acid. The values are ex- 
pressed as umoles of deoxy compound synthesized in 30 minutes. 





Deoxy compound synthesized 











Experi- Phos- 
seat Substrate + Phos- | Bah 
No addition | phorylenol | pyruvate 
pyruvate + sodium 
fluoride 
I | Ribose-5-P 0.059 | 0.157 | 0.214 
Glycolaldehyde-2-P 0 0 0 
Glyceraldehyde-3-P 0.025 0.031 0.053 
Glucose-6-P 0.005 0 0 
Fructose-di-P* | 0.019 0.011 0.023 
Sedoheptulose-di-P* | 0 0.032 0.049 
| 
II Ribose-5-P 0.037 0.140 0.160 
Erythrose-4-P 0 0.167 0.215 














* To these reaction mixtures 0.25 unit of crystalline muscle 
aldolase was added. 


1-formate resin column (28 cm X 3.1 sq. cm) and eluted by 
gradient elution in a system containing 500 ml of H,0 in the 
mixing chamber and 500 ml of 0.2 n formic acid-0.5 mM ammonium 
formate in the reservoir. The effluent had a flow rate of 3 ml 
per minute and was collected in fractions of 8 ml. The deoxy 


compound was eluted as a single peak in Tubes 83 to 102 in a 
total volume of 151 ml. 


The solution was lyophilized overnight 
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to remove ammonium formate. The residue was dissolved jp 
water and again lyophilized for 2 hours. The dry material, 
dissolved in a minimum volume of water was applied to severgl 
sheets of Whatman No. 3 paper (washed before use with EDTA) 
and resolved with a solvent of 70% ethanol-1% acetic acid jp 
ascending chromatography. After 18 hours at room tempera. 
ture, the paper was dried in air. Three phosphate esters with 
Ry’s of 0.38, 0.51, and 0.70 were detected (26, 27) on sample 
strips and eluted with water. A positive response for a 2-keto. 
3-deoxy aldonic acid was obtained with the compound with ap | 
Ry of 0.51. The final yield was 166.7 wmoles which represents 
a 16.7% yield with respect to the starting material on a molar 
basis, jal a recovery of 49.4% with respect to the total KDP. 
octonate synthesized in the incubation mixture. 


RESULTS 
Formation of KDP-octonate in Crude Extracts—In the presence 
of crude extracts of P. aeruginosa, it was observed that ribose. 





5-P alone gave rise to the formation of KDP-octonate as shown | 
in Table II. The addition of phosphorylenol pyruvate resulted 
in a 2- to 3-fold increase in the rate of KDP-octonate formation, 
Sodium fluoride and sodium iodoacetate inhibited KDP-octonate | 
formation from ribose-5-P alone, but not from ribose-5-P in the | 
presence of phosphorylenol pyruvate. It was therefore assumed | 


that ribose-5-P can serve as a precursor of phosphorylenol | 


pyruvate in these extracts. Pyruvate did not substitute for 
phosphorylenol pyruvate, but 3-P-glycerate did to some extent. | 
Since the addition of sodium fluoride inhibited the utilization of | 
3-P-glycerate but enhanced KDP-octonate formation with | 
phosphorylenol pyruvate as substrate, it was assumed that } 
3-P-glycerate was converted to phosphorylenol pyruvate before | 
it was utilized for KDP-octonate synthesis. 

Survey of Phosphorylated Sugars—A comparison between 
ribose-5-P and other phosphorylated sugars as substrates for 
KDP-octonate synthesis is shown in Table III. Glyceraldehyde- | 
3-P, fructose-1,6-di-P and sedoheptulose-1,7-di-P also gave 
rise to deoxy compounds, but were much less effective than 


ribose-5-P. Moreover, it was not established whether the posi | 


tive reactions obtained with these compounds were due to the 
formation of KDP-octonate. As shown in Table III, in the 
presence of phosphorylenol pyruvate, the formation of a deoxy 
compound was more rapid from erythrose-4-P than from ribose- 
5-P. Srinivasan et al. (2) have described an enzyme in E. coli 
extracts which catalyzes the condensation of erythrose-4-P and 
phosphorylenol pyruvate to 2-keto-3-deoxy-7-phosphoheptonie | 
acid. It was not evident from the available data, whether the 


condensations in the presence of erythrose-4-P and of ribose-5-P | i 


were mediated by two different enzymes. 


A pronounced inhibition of KDP-heptonate synthesis was | 
This inhibition was | 
Other metals | 
An increase in total KDP-hepton- 
ate synthetase units was observed in Fraction I as compared to f 


observed in the presence of EDTA (1). 
reversed by zinc ions as well as by ferrous ions. 
were found to be inhibitory. 


the crude extract, suggesting the presence of an inhibitor in the 
crude extract. 


by EDTA in the purified fraction. 
inhibition, but in fact were slightly inhibitory. 


of KDP-octonate synthesis by EDTA in the crude 
suggested the presence of an inhibitory metal. 


extract 


The synthesis of KDP-octonate was actually | 
stimulated by EDTA in the crude extract, but partially inhibited | 
Zinc, ferrous, copper, cobalt, | 
calcium, manganese, and magnesium ions did not reverse this | 
The stimulation | 
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Separation of KDP-heptonate Synthetase and KDP-octonate 
Synthetase—During the purification of KDP-octonate synthetase, 
it had been observed that after protamine sulfate addition to 
Fraction I, 90% of the KDP-heptonate synthetase activity 
remained in the supernatant solution whereas the precipitate 
contained most of the KDP-octonate synthetase. Further 
purification of the KDP-octonate synthetase with ammonium 
sulfate resulted in Fractions II and III. The latter fraction 
contained 30-fold purified KDP-octonate synthetase and was 
virtually free from KDP-heptonate synthetase. The separation 
of the two activities represents the final proof for the existence of 
two different condensing enzymes. 

Evidence for Two Reactions in Synthesis of KDP-octonate from 
Ribose-b-P and Phosphorylenol Pyruwvate—With Fraction I, a 
slight but reproducible lag period in the formation of KDP- 
octonate was observed which became more evident after further 
purification. In an incubation mixture containing Fractions II 
and III, the yield of KDP-octonate from a 60-minute incubation 
mixture was 3 times as high as the yield resulting from a 30- 
minute incubation. This observation suggested a two-step 
reaction. As shown in Table IV, the amount of KDP-octonate 
synthesized in an incubation mixture in the presence of the 
combined fractions was 2- to 3-fold greater than the sum of the 
KDP-octonate synthesized by the individual fractions. This 
effect was investigated by preincubating Fractions II and III 
separately for 30 minutes with each of the substrates for KDP- 
octonate synthesis. After preincubation, the tubes were heated 
in a boiling water bath for 1 minute and centrifuged. The 
supernatant solutions were then exposed to the second enzyme 
fraction and to the second substrate for an additional 30 minutes 
and assayed for KDP-octonate. As shown in Table IV, the 
preincubation of ribose-5-P with Fraction IT, followed by incuba- 
tion of the deproteinized solution with Fraction III and phos- 
phorylenol pyruvate, resulted in a synthesis of KDP-octonate 
comparable to that obtained in the combined systems. Other 
preincubation combinations were ineffective. It was apparent 
that at least two enzymatic activities were involved in the 
synthesis of KDP-octonate from ribose-5-P and phosphorylenol 
pyruvate. To determine the nature of the product of the first 
reaction, 4 umoles of ribose-5-P were incubated with 2 mg of 
Fraction II in a final volume of 5 ml at pH 7.2. After 60 minutes 
at 37°, the reaction was stopped by boiling for 2 minutes at pH 
5.0. The mixture was centrifuged and 16 units of potato phos- 
phatase were added. After incubation at 37° for 1 hour, the 
solution was deproteinized and deionized by passage through 
Dowex 1-OH and Dowex 50-H* resin columns and the effluents 
and washings concentrated under reduced pressure. After 
descending chromatography on Whatman No. 1 paper in a 
solvent system of butanol, pyridine, and water (10:3:3) (28), 
two aldopentoses with Ry values identical with those for ribose 
and arabinose were revealed by aniline phthalate spray (29). 
These findings suggested that Fraction II catalyzed the conver- 
sion of ribose-5-P to arabinose-5-P. 

Comparison of Pentose Phosphates—Ribose-5-P, xylose-5-P, 
and arabinose-5-P were examined as substrates in the synthesis 
of KDP-octonate in three fractions. As shown in Table V, 
synthetic p-arabinose-5-P served as a substrate with 30-fold 
purified KDP-octonate synthetase (Fraction III); p-ribose-5-P 
and p-xylose-5-P were essentially inactive. The crude extract 


‘Unpublished method of Dr. A. Kornberg. 
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TABLE IV 


Effect of preincubation of ribose-5-P and phosphorylenol 
pyruvate with Fractions II and III on 2-keto- 
3-deoryphosphooctonate synthesis 

The preincubation tubes contained the following components in 
a final volume of 0.25 ml: 40 umoles of histidine buffer, pH 7.2; 1 
umole of phosphorylenol pyruvate or ribose-5-P; and 0.33 mg 
protein of Fraction II or 0.234 mg protein of Fraction III. After 
incubation at 37° for 30 minutes, the reaction was stopped by 
heating the tubes for 1 minute in a boiling water bath and re- 
moving the protein by centrifugation. The deproteinized super- 
natant was added to a tube containing the remaining incubation 
components as shown in the table in a final volume of 0.45 ml. 
After incubation at 37° for 30 minutes, the reaction was stopped 
by the addition of 0.05 ml of 50% trichloroacetic acid and the su- 
pernatent fluid was assayed. 

















Preincubation | Incubation KDP- 
| —_—___—__—______ |  octonate 
Fraction Substrate | Fraction Substrate synthesized 
| umole 
II Ribose-5-P, phos- 0.014 
phorylenol py- 
| ruvate 
| III | Ribose-5-P, phos- | 0.025 
phorylenol py- 
| ruvate 
iI + III) Ribose-5-P, phos- 0.090 
phorylenol py- 
| ruvate 
II | Ribose-5-P | III Phosphorylenol 0.097 
| pyruvate 
III | Ribose-5-P II Phosphorylenol 0.022 
pyruvate 
II | Phosphoryl- | III Ribose-5-P 0.025 
enol pyru- | 
vate 
III | Phosphoryl- | II Ribose-5-P 0.016 
enol pyru- | 
vate 











and Fraction I utilized p-xylose-5-P also, indicating the presence 
of an isomerase for p-xylose-5-P. 


Some Properties of KDP-octonate Synthetase 


Effect of pH, Time, and Protein Concentration on K DP-octonate 
Synthesis—The rate of KDP-octonate synthesis as a function of 
pH is shown in Fig. 1. The optimal pH was 7.2 and was the 
same in Tris or histidine buffer. Phosphate buffer inhibited 
KDP-octonate synthesis. Fig. 2 illustrates the synthesis of 
KDP-octonate with time at varying protein concentrations. 
Up to 90 minutes, the reactions were all linear with time, and the 
synthesis of KDP-octonate was proportional to protein concen- 
tration as shown in the insert figure. 

Balance Study in KDP-octonate Synthesis—A balance study of 
substrates and products after incubation of KDP-octonate 
synthetase with arabinose-5-P and phosphorylenol pyruvate was 
carried out. As shown in Table VI, the arabinose-5-P and 
phosphorylenol pyruvate which disappeared was accounted for 
in the stoichiometric appearance of KDP-octonate. For each 
mole of KDP-octonate synthesized, 1 mole of inorganic phosphate 
was released. 
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TABLE V 
Comparison of three pentose phosphates as substrates for 
2-keto-3-deoryphosphooctonate synthesis in 
three protein fractions 

Each incubation mixture contained the following components 
in a final volume of 0.45 ml: 20 umoles of histidine buffer, pH 7.2; 
2umoles of phosphorylenol pyruvate; 10 umoles of sodium fluoride; 
and 2 mg protein of crude extract or 0.4 mg of Fraction I or 0.17 
mg of Fraction III as indicated in table. Two umoles of each 
pentose phosphate were added as indicated in the table. After 
incubation at 37° for 60 minutes, the reaction was stopped by the 
addition of 0.05 ml of 50% trichloroacetic acid and the entire 
supernatant fluid assayed. All values are expressed as ymoles 
KDP-octonate synthesized per mg of protein per hour. 


























Fraction D-Ribose-5-P p-Xylose-5-P ee 
Crude extract...... 0.092 0.032 | 0.087 
EA nitadnpmoscsbidoie | 0.300 0.150 | 0.370 
oe ee | 0.059 0.048 | 2.280 
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Fig. 1. Rate of KDP-octonate synthesis as a function of pH. 
The incubation mixtures contained the following components in a 
final volume of 0.45 ml: 30 umoles of histidine (@——®@) or Tris 
(O ©) buffer; 1 umole of phosphorylenol pyruvate; 1 umole of 
arabinose-5-P; 10 wmoles of sodium fluoride; and 0.1 mg of KDP- 
octonate synthetase (Fraction III). After incubation at 37° for 
30 minutes, the reaction was stopped by the addition of 0.05 ml of 
50% trichloroacetic acid and the supernatant solution was assayed. 





Properties of K DP-octonate 


Colorimetric Assay—The colorimetric procedure for the deter- 
mination of KDP-octonate is based on a periodate oxidation 
followed by a reaction with 2-thiobarbituric acid to yield a pink 
color according to the method for deoxy sugars of Waravdekar 
and Saslaw (19). Weissbach and Hurwitz (20)* have studied the 
mechanism of this reaction and have shown that 2-keto-3-deoxy 
aldonic acids react in this assay to give a spectrum with a peak 
at 549 my. Their studies indicate that periodate oxidation 
produces 8-formyl pyruvate from carbons 1 to 4 of the 2-keto-3- 
deoxy aldonic acid, which then reacts with thiobarbituric acid 
to give the characteristic color. In this assay, the absorption 
spectrum obtained with KDP-octonate was found to be identical 
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to that obtained with KDP-heptonate and KDP-gluconate, with 
a single peak at 549 my and a molar extinction coefficient of 
49,700. 

Reaction with Semicarbazide—KDP-octonate reacted with 
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Fic. 2. Effect of time and protein concentration on KDP.- 
octonate synthesis. Each incubation mixture contained the 
following components in a final volume of 1 ml: 50 umoles of his- 
tidine buffer, pH 7.2; 2 umoles of arabinose-5-P; 2 umoles of phos- 










————— 


phorylenol pyruvate; 10 wmoles of sodium fluoride; and KDP. | 


octonate synthetase (Fraction III) as indicated in the figure. The 
temperature of incubation was 37°. At indicated intervals, 
aliquots were deproteinized with an equal volume of 10% trichloro- 
acetic acid and analyzed. The data for the insert figure are 
taken from the same experiment. 


TaBLeE VI 
Balance study of 2-keto-3-deoryphosphooctonate synthesis 


The reaction mixture contained the following components in a 


final volume of 0.9 ml: 40 uwmoles of histidine buffer, pH 7.2; 2 ; 


umoles of arabinose-5-P; 2 umoles of phosphorylenol pyruvate; 
10 ypmoles of sodium fluoride; and 0.495 mg of KDP-octonate syn- 
thetase (Fraction III). After incubation at 37° for 60 minutes, 
the reaction was stopped by the addition of 0.1 ml of 50% tri- 
chloroacetic acid and the supernatant solution was directly as- 
sayed for KDP-octonate, inorganic phosphate, and arabinose-5-P. 

For the assay of phosphorylenol pyruvate, a 0.2 ml aliquot of 
the trichloroacetate supernatant solution was neutralized with 
KOH and assayed spectrophotometrically at 340 my with the fol- 
lowing components in a final volume of 1 ml: 100 umoles of Tris 
buffer, pH 7.5; 0.1 umole of DPNH; 5.0 umoles of MgCl.; 20 uzmoles 
of KCl; 2 umoles of ADP, 0.8 unit of lactate dehydrogenase, 0.8 
unit of pyruvate kinase, and sample containing 0.02 to 0.04 umole 
of phosphorylenol pyruvate. The values are expressed as umoles 
per ml of incubation mixture. 








Additions Initial Final A 
Arabinose-5-P......... 1.99 1.51 0.48 
Phosphorylenol pyruvate 1.96 1.46 0.50 
KDP-octonate. .. Ry. 0.44 0.44 

0.45 0.45 


Inorganic phosphate. .... 0 
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semicarbazide to give a semicarbazone characteristic for a-keto 
acids such as pyruvic acid (6, 30). The reaction with pyruvic 
acid went to completion in a few minutes in this assay and the 
resultant semicarbazone remained stable for over 24 hours. 
However, the reaction with the KDP-aldonic acids was considera- 
bly slower attaining a maximal value after 7 hours and remaining 
stable for an additional 8 hours. The ultraviolet absorption 
spectrum of the semicarbazones of pyruvate and KDP-octonate 
were identical, with a peak at 250 my and a molar extinction 
coefficient of 10,200. 

Chromatography of 2-Keto-3-Deoxy Aldonic Acids—Chroma- 
tography of KDP-heptonate and KDP-octonate on Whatman 
No. 1 paper in a descending solvent system of ethanol, acetic 
acid, and water (75:24:1) effected a separation of the two 
phosphate esters. The free acids KD-gluconate, KD-heptonate, 
KD-octonate, and KD-galactonate, separated in a descending 
solvent system of butanol, acetic acid, and water (52:14:39) (31), 
the rate of travel decreasing with increasing length of the carbon 
chain. 

Periodate Oxidation of K DP-octonate—The spectrophotometric 
periodate oxidation method at 310 my of Marinetti and Rowser 
(32), although satisfactory for simple sugars, was unsuitable for 
the KD-aldonic acids due to interfering side reactions. A 
method was therefore developed based on the observation by 
Crouthamel et al. (33) that sodium periodate in solution has an 
ultraviolet-absorbing peak at 222.5 mu. It was found that in 


the absence of other ultraviolet-absorbing salts, the decrease in 
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0.48 
0.50 
0.44 
0.45 


' were reached, the reaction was considered to be completed. 





optical density was proportional to the disappearance of periodate 
resulting from its uptake by a sugar. This procedure permits 
measurements of periodate utilization with 0.01 umole of sub- 
strate. In the present studies, glucose, glucose 6-phosphate, and 
xylose were used as standards as shown in Table VII. When 
theoretical values for the periodate oxidation of the standards 
All 
of the reactions followed a similar course, reaching 80% of the 
theoretical values in about 1 hour, then going to completion at a 
constantly declining rate for 5 additional hours. Under condi- 
tions which gave theoretical values for the standards, the perio- 
date uptake of KDP-octonate and KD-octonate corresponded to 
the expected values of 3 moles per mole of phosphorylated 


TABLE VII 


Spectrophotometric determination of periodate oxidation of 
2-keto-3-deozyphosphooctonate 

Each tube contained the following components in a final volume 
of 1.0 ml: 2.4 wmoles of NalO, and 0.22 to 0.30 umole of substrate 
as indicated in the table. The pH was initially adjusted to 4.35. 
At intervals, 0.1 ml aliquots were removed and diluted to 3 ml 
and read at 222.5 mu. NalO, uptake is expressed as wmoles of 
periodate taken up after 6 hours. 








NalIOy uptake 


| | 
Substrate | gSubaent, | ——________ 
| ] Theoretical Bence © Observed 
5 a ae pelts te 
pmole/ml | 
Glucose............ 0.225 1.13 1.23 
Glucose-6-P....... 0.300 1.20 | 1.20 
| Xylose.. 0.300 1.20 1.11 
KD-octonate........ 0.300 1.20 1.16 
KDP-octonate. .... 0.270 0.81 | 0.90 
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TaBie VIII 
Utilization of 2-keto-3-deozyphosphooctonate and 
2-keto-3-deoryphosphoheptonate by crude extract 
Each incubation mixture contained the following components 
in a final volume of 0.9 ml: 50 uwmoles of histidine buffer, pH 7.2; 
and crude extract containing 4 mg of protein. KDP-octonate 
and KDP-heptonate were added as indicated in the table. After 
incubation at 37° for 60 minutes, the reaction was stopped by the 
addition of 0.1 ml of 50% trichloroacetic acid and the supernatant 


fluid assayed directly. The values are expressed as umoles deoxy 








compound. 
Substrate concentration 
Substrate —— 
Initial Final | 4 
a a eee eS | 
KDP-octonate........| 0.302 0.297 | 0.005 
KDP-heptonate 0.278 0.099 0.189 





compound and 4 moles per mole of the dephosphorylated com- 
pound. 

Metabolic Utilization of KDP-octonate and KDP-heptonate— 
Since P. aeruginosa extracts can synthesize both KDP-octonate 
and KDP-heptonate, it was of interest to determine whether 
these compounds are also utilized in the crude extract. As is 
shown in Table VIII, KDP-heptonate was rapidly utilized 
whereas KDP-octonate did not disappear. In an enzymatic 
system which converts KDP-heptonate to 5-dehydroquinic acid 
(3, 4), KDP-octonate was not utilized nor did its presence 
inhibit the synthesis of 5-dehydroquinic acid from KDP-hepton- 
ate. 


DISCUSSION 

In recent years, a new class of deoxy sugars has been described. 
These sugars are all characterized by the same basic structure 
from carbons 1 to 4, represented as a 1-carboxy-2-keto-3-deoxy- 
4-hydroxy group; the remaining carbons have the glycol chain 
structure of sugars. Compounds of this class with carbon chain 
lengths of 5, 6, 7, and 9 carbons have been isolated and identified 
as 2-keto-3-deoxy-p-arabonic acid (34), 2-keto-3-deoxy-p-ga- 
lactonic acid (35, 36), KDP-gluconate (5, 6), and KDP- 
heptonate (2-4). N-Acetyl neuraminic acid which is found in a 
large variety of mammalian and microbial cells and was originally 
isolated from bovine submaxillary mucin by Blix et al. (9), is the 
9-carbon representative in this series and its structure was 
subsequently established (10-14). In the present paper an 
8-carbon analogue, KDP-octonate, synthesized by P. aeruginosa, 
has been described. 

These compounds can be divided into two groups according to 
their mode of biosynthesis and metabolic utilization. The three 
smallest compounds with respect to chain length, KD-arabonate, 
KD-galactonate, and KDP-gluconate are formed from their 
respective aldonic acids by the action of specific dehydrases. 
They are subsequently cleaved in an aldol type reaction to two 
moieties. The three larger 2-keto-3-deoxy aldonic acids are 
synthesized by a condensation of two smaller moieties, and in the 
case of KDP-heptonate and N-acetyl neuraminic acid are further 
utilized in biosynthetic reactions. 

The finding that p-arabinose-5-P is a precursor of KDP- 
octonate constitutes the first example of a biosynthetic reaction 


5 We wish to thank Dr. P. R. Srinivasan for performing these 
experiments. 
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involving arabinose-5-P. Dickens (37) demonstrated that 
arabinose-5-P and xylose-5-P were fermented by yeast extracts, 
but much more slowly than ribose-5-P. The work of Scott and 
Cohen (38) suggested that arabinose-5-P was one of the products 
in the utilization of 6-P-gluconate by yeast extracts. Most of 
the arabinose found in nature is the L-isomer. The incorporation 
of L-arabinose into pectins appears to follow a pathway via 
UDP-uronic acid to UDP-arabinose (39-44). Weimberg and 
Doudoroff (45) found that extracts from Pseudomonas sac- 
charophila, grown on L-arabinose could convert this sugar 
quantitatively to a-ketoglutarate. Wood et al. (46-51) showed 
that in extracts of Aerobacter aerogenes L-arabinose enters the 
pentose-P cycle via t-ribulose, t-ribulose phosphate, and p- 
xylulose phosphate. Volk (52) has reported that cell-free ex- 
tracts of Propionibacterium pentosaceum utilize L-arabinose in 
the presence of ATP. 

p-Arabinose is a constituent of some plants and is present in 
a polysaccharide of tubercle bacilli (53, 54). Palleroni and 
Doudoroff (34) found that extracts of P. saccharophila grown on 
p-arabinose can convert this sugar to KD-arabonate. 

The present studies indicate that p-ribose-5-P is converted 
enzymatically to p-arabinose-5-P. Ribose-5-P isomerase did not 
catalyze this conversion. In the crude extract p-arabinose-1-P 
did not substitute for p-arabinose-5-P. 

The structure of KDP-octonate is not yet completely clarified. 
The condensation with p-arabinose-5-P suggests the following 
configuration of carbons 5 to 8 in KDP-octonate: 


CHO 
COOH HO—CH 
b_opo.H + HOH 
H; HC—OH 
bH,OPO.E: 
Phosphorylenol p-Arabinose-5-P 
pyruvate 
[+110 
COOH 
C=O 
bu, 
ere ( Bago OH + H;PO, 
HO—CH 
Hoon 
HO—OH 
GH,OPO.H: 


KDP-octonate 


The configuration around carbon 4 and the presence of a ring 

tructure have not been established. 

The metabolic role of KDP-octonate is still obscure. KDP- 
octonate is not utilized by P. aeruginosa extracts. Several 
species of the Penicillium mold excrete large amounts of tropo- 
lones, whose basic structure is a 7-carbon aromatic ring. Some 
representatives of this group are stipitatic acid (55, 56), puberulic 
acid (57), and colchicine, an effective antimitotic agent. There 
is the possibility that KDP-octonate lends itself to the formation 
of a 7-carbon ring in analogy to the conversion of KDP-heptonate 
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to shikimic acid (3, 4). Recent isotopic evidence (58, 59) on the 
synthesis of stipitatic acid in Penicillium stipitatum appears to 
conflict with this hypothesis. The metabolic fate of KDp. 
octonate has still to be determined. 


SUMMARY 


1. The enzymatic formation of 2-keto-3-deoxy-8-phospho. 
octonic acid by a condensation of p-arabinose 5-phosphate and 


phosphorylenol pyruvate has been described. The enzyme, f 


2-keto-3-deoxyphosphooctonate synthetase, which catalyze 
this reaction has been purified 30-fold from extracts of Psey. 
domonas aeruginosa. In the presence of the purified enzyme 
p-ribose 5-phosphate or p-xylose 5-phosphate did not replace 
p-arabinose 5-phosphate as substrate. 

2. An enzyme fraction has been prepared from these extracts 
which converts p-ribose 5-phosphate to p-arabinose 5-phosphate, 


3l. 


32. 


33. 





With partially purified preparations xylose 5-phosphate als 
served as a substrate for 2-keto-3-deoxyphosphooctonate syn. | 
thesis. 

3. The synthetase which condenses erythrose 4-phosphate and | 
phosphorylenol pyruvate to form 2-keto-3-deoxyphosphohepto. | 
nate was also present in P. aeruginosa extracts. Fractionation | 
of the extracts resulted in the complete separation of 2-keto-3 
deoxyphosphooctonate synthetase and 2-keto-3-deoxyphospho- | 
heptonate synthetase. 

4. Some aspects of the metabolism of the 2-keto-3-deoxy | 
aldonic acids and of arabinose are discussed. 
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Previous studies from this laboratory have shown a marked 
stimulatory effect of insulin on the oxidation of glucose labeled 
with C™ by adipose tissue incubated in vitro (1, 2). As pre- 
viously reported by Milstein (3) the insulin effect on the oxida- 
tion of glucose carbon 1 was greater than that on the oxidation 
of carbon 6, the former showing an increase of approximately 
700%, the latter of only 50%. However, the stimulation of 
carbon 1 and carbon 6 incorporation into fatty acids (2) was 
proportional, as evidenced by a constant ratio of carbon 1 to 
carbon 6 recovered in fatty acids. It was inferred from these 
data that fatty acid carbon was derived equally by a pathway 
whereby carbon 1 was lost and by a pathway which retained 
this carbon of glucose, thereby suggesting that the Embden- 
Meyerhof (glycolytic) and the phosphogluconate-oxidative path- 
ways accounted for the metabolism of equal amounts of glucose 
in both the insulin-stimulated and the control tissues. The 
studies to be presented in this report expand the previously re- 
corded data by also measuring the incorporation of glucose 
carbons into glycogen and glyceride-glycerol and by including 
measurements made with glucose labeled in carbons 2 and 3 
plus 4. 


METHODS 


Adipose tissue fragments weighing from 150 to 350 mg were 
excised from the epididymal fat pads of normal fed rats (Wistar 
strain obtained from Albino Farms or from Harvard Biological 
Laboratories). Each animal served as its own control for each 
of the experimental variables. Larger animals were therefore 
required for the incubation with 8 pieces of tissue, and for this 
reason the experiments are reported in three separate groups. 
In the first group, 2 pieces of tissue were removed from each epi- 
didymal fat pad and the metabolism of glucose-1-C™ and glu- 
cose-6-C™ with and without insulin compared. In the second 
series, glucose-2-C' was compared with glucose-1-C™ and glu- 
cose-6-C'4, and in the third group glucose-3 ,4-C™ was compared 
with the three other labeled compounds. Human albumin 
(Fraction V, obtained from the Protein Foundation, through the 
courtesy of Dr. R. J. Pennell) was added to Krebs-Ringer bi- 
carbonate buffer, at a concentration of 3.5 to 4 g per 100 ml 
(approximately 0.5 mm). Batches of 300 ml of medium were 
dialyzed for 24 hours or more against three successive changes 


* Supported in part by a grant from the United States Public 
Health Service (A-2460), Bethesda, Maryland and from the Lipo- 
tropic Research Foundation, New York, New York. 

+ Recipient of a Fellowship from the Governments of Canada 
and the Province of Quebec. 
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of buffer to remove any extraneous material such as acetate 
utilized for the purification of the albumin. The medium was 
then passed through a sterilizing mesh Seitz filter. Labeled 


glucose was added at a concentration of 0.005 m and each piece J 


of tissue was incubated in 5 ml of medium. Unesterified fatty 
acids in the incubation medium were determined by titration 
after isooctane-acetic acid extraction according to Gordon (4) 
and found to vary between 0.7 and 0.9 mEq per liter. 

At the end of 3 hours of incubation, tissues were removed, 


rinsed twice in 0.9% sodium chloride solution, blotted, and placed j 
After 4 hours of shaking, | 


in 20 ml of 2:1 chloroform-methanol. 
the extracted tissues were washed free from lipid by a second 
extraction with 20 ml of the same mixture for 2 additional hours, 
allowed to dry, digested in 33% potassium hydroxide, and ali- 
quots taken for nitrogen determination. To the remaining solu- 
tion 10 mg of carrier glycogen were added. The glycogen was 
then precipitated with 1.2 volumes of 95% ethanol, and the 
precipitate hydrolyzed for 1 hour in 2 nN sulfuric acid at 100°. 
After neutralization with alkali, the glycogen-glucose was iso- 
lated as the phenylosazone, washed with water, recrystallized 
from 50% ethanol, washed twice, and counted. 

The chloroform-methanol extract of the tissue was processed 
by the “salty wash’ method of Folch et al. (5) to remove non- 
lipid radioactive material. After two such washes with “upper 
phase” the extract was reconstituted to volume with methandl, 
and the entire procedure was repeated. At this stage less than 
0.001% of aqueous soluble counts (i.e. glucose-C™) remained in 
the extract. The isolated lipid material was weighed after 
evaporation of the solvent, saponified with alcoholic potassium 
hydroxide, acidified, and partitioned between petroleum-ether 
and water. The ether fraction was further processed as pre- 
viously described and its radioactivity determined (1, 2). The 
aqueous fraction, presumably containing glycerol, was oxidized 
with periodic acid and divided into two aliquots. One aliquot 
was buffered, and dimedone reagent added to precipitate as 
formaldimedone the formaldehyde derived from the end or a 
carbons of glycerol. The formaldimedone was washed and 
counted (6). The other aliquot was acidified and freed from 
CO: by gassing with CO--free nitrogen. The formate derived 
from the 6 carbon of glycerol by periodate oxidation was then 
oxidized to CO2 with mercuric ion, trapped in 0.1 N sodium hy- 
droxide, converted to barium carbonate, washed, and counted 
(7). That the formaldehydogenic material present in the aque- 
ous fraction was actually glycerol was established by isolation of 
glycerol as the tribenzoate derivative (8), recrystallization to 
constant melting point, followed by saponification and oxidation 
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of the regenerated glycerol by periodate. The specific activity 
of this formaldehyde was compared to the original one obtained 
directly from the aqueous fraction after saponification and was 
found to be identical within the error of the method. Passage of 
the aqueous fraction through a mixed resin column (Amberlite 
MB-3) before isolation of glycerol as the tribenzoate similarly 
did not change the specific activity of subsequently formed form- 
aldehyde. Calculations were based on the assumption that 1 
mmole of glycerol is equivalent to 850 mg of lipid obtained from 
the chloroform-methanol extract since over 95% of this extract 
is made up of triglycerides (9, 10) with fatty acid chain lengths 
of approximately 16 to 18 carbons, 


RESULTS 


Glycerol Synthesis 


Experiments with Uniformly Labeled Glucose-C'—In addition 
to the well documented effect of insulin on glucose oxidation and 
glucose utilization for fatty acid synthesis the data summarized 
in Table I illustrate the importance of glyceride-glycerol syn- 
thesis in the disposal of glucose carbon. In the control tissue, 
44% of the recovered glucose carbon was found in this fraction. 
Insulin stimulation decreased the proportion of total carbon used 
for glyceride-glycerol synthesis, with a proportional increase in 
the glucose carbon recovered in fatty acids. 

Experiments with Glucose-1-C™ and Glucose-6-C%—Results from 
38 paired incubations are shown in Table II. The greater de- 
gree of oxidation of glucose carbon | is again shown, as is the 
constancy of the carbon 1 to carbon 6 ratio (approximately 0.5) 
in fatty acids. However, a carbon 1 to carbon 6 ratio of 0.85 
was found for the a carbons of glyceride-glycerol in the control 
tissues. In 16 similar experiments with insulin added to the 
medium, the recovery of carbon 1 in the @ carbons of glycerol 
was 0.444 + 0.023 umole per mg of tissue nitrogen, whereas 
that of carbon 6 was 0.593 + 0.24 umole per mg of tissue nitro- 
gen, giving a C-1:C-6 ratio of 0.75. Possible explanations for 
the different C-1:C-6 ratios found for glycerol and fatty acids 
will be discussed later in this report. The minimal recovery 
of carbon 1 and carbon 6 of glucose in the 6 carbon of glycerol 
agrees with the known principal pathways of carbohydrate me- 
tabolism, since these allow little randomization of hexose carbon 
1 and 6 into position 2 or 5 except by the citric acid cycle. 

Experiments with Glucose-1-C™, Glucose-2-C™, and Glucose-6-C™ 
—In order to examine more closely the pathways involved in the 
synthesis of glycerol, experiments with glucose labeled in position 
1, 2, or 6 were performed. Each animal provided 6 pieces of 
tissue to allow for a direct comparison of the fate of these car- 
bons of glucose both in the presence and in the absence of insu- 
lin. Results of seven such experiments are summarized in 
Table III. The marked stimulation of carbon 1 oxidation by 
insulin is again shown, as is the minimal stimulation of carbon 6 
oxidation. Both in the control and in the insulin stimulated 
tissue, the oxidation of carbon 2 approaches that of carbon 1, 
suggesting recycling of a major portion of the products derived 
from the phosphogluconate-oxidative pathway. This loss of 
carbon 2 is also evidenced by its diminished recovery in fatty 
acids, relative to the amount of recovery of carbon 6. As ex- 
pected, carbon 2 contributes most to the 6 carbon of glycerol 
when compared to glucose carbon 1 and carbon 6. The pres- 
ence of a large amount of glucose carbon 2 in the @ position of 
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TaBLe I 
Effects of insulin on metabolism of uniformly labeled glucose-C™ 
by adipose tissue in vitro 
Values expressed as umoles of glucose carbon per mg of tissue 
nitrogen per 3 hours. Mean of seven experiments with standard 
errors. Insulin 0.1 unit per ml; glucose 5 mmoles per liter. 


| 





Glucose carbon recovered Total recovery 





| 
| Control 


| Insulin |control Insulin 





| | o o 
Carbon dioxide. . 2.54 + 0.11 113.90 + 0.91) 42 | 37 
Tissue fatty acids. ....|0.81 + 0.08 |12.56 + 0.98) 13 | 33 
Glyceride glycerol*... .| 2.66 + 0.24 | 6.15 + 0.26) 44 16 


ee 0.09 + 0.02 | 5.46 + 1.19} 1 14 


* Calculated as 3 X glycerol-a-carbons. 


TaBLe II 
Metabolism of glucose-1-C* and glucose-6-C™ by adipose 
tissue in vitro 
Values expressed as wmoles specifically labeled glucose carbon 
per mg of tissue nitrogen per 3 hours. Mean of 38 experiments 
with standard errors. Glucose 5 mmoles per liter. 


CA C4 A 
Carbon dioxide 0.353 + 0.017 | 0.130 + 0.005 | 2.72 
Tissue fatty acids. . 0.056 + 0.006 | 0.113 + 0.016 | 0.50 
Glyceride glycerol 
@ carbons. . | 0.323 + 0.018 | 0.381 + 0.012 | 0.85 
8B carbons. . 0.003 + 0.0002 | 0.003 + 0.0008 | 
Glycogen. . 0.014 + 0.0012 | 0.93 


0.013 + 0.0008 


glycerol is also probably due to rearrangement by the phospho- 
gluconate-oxidative pathway. 

Experiments with Glucose-1-C', Glucose-2-C™, Glucose-3 , 4-C™, 
and Glucose-6-C'—In a similar way, the fate and randomization 
of carbons 3 and 4 of glucose were studied and compared to that 
of other carbons of glucose, in the presence and in the absence 
of insulin with the use of, in each experiment, 8 pieces of tissue 
from a large animal. Glucose-3,4-C™ was prepared from glyco- 
gen recovered in liver slices incubated in the presence of C™- 
labeled sodium bicarbonate (11). Results of three experiments 
are averaged in Table IV and demonstrate that glucose carbons 
3 and 4 are, as expected, mainly metabolized to CO». The 
definite and significant recovery of carbons 3 and 4 in fatty acids 
is probably another manifestation of the rearrangement of glu- 
cose carbons metabolized via the phosphogluconate-oxidative 
pathway, since two-thirds of the original glucose carbon 3 be- 
come hexose carbon 2 after one cycle (12). 


Glycogen Synthesis 


The increased glycogen synthesis after insulin stimulation in 
this preparation is well demonstrated in Table I, and in all the 
subsequent tables. Of interest is a comparison of the recovery 
of carbon 1 and carbon 6 in tissue glycogen. In 19 experiments 
performed in the presence of added insulin, glycogen from glucose 
carbon 1 was 0.180 + 0.026 and from carbon 6 0.208 + 0.035 
pmole per mg of tissue nitrogen. This small difference does not 
appear significant. Similarly in 42 experiments without insulin 
the respective values were 0.0120 + 0.001 and 0.0125 + 0.001 
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Taste III 
Effects of insulin on metabolism of glucose-1-C™, glucose-2-C", 
and glucose-6-C™ by adipose tissue in vitro 
Values expressed as wmoles specifically labeled glucose carbon per mg of tissue nitrogen per 3 hours. Mean of seven experiments 
with stands ard errors. Insulin 0.1 unit per ml; ; glucose 5 5 mmoles per liter. 











Control Insulin 
C-1 | C-2 C6 C-1 C-2 C6 
Carbon dioxide. .............| 0.364 + 0.025 | 0.241 + 0.025 0.137 + 0.011 | 1.850 + 0.218 | 1.070 + 0.204 | 0.225 + 0.022 
Tissue fatty acids......... 0.072 + 0.014 | 0.087 + 0.023 | 0.179 + 0.052 | 0.783 + 0.138 | 0.982 + 0.262 1.482 + 0.457 
Glyceride-glycerol 
Ne 62 Sia Gee sled Wide ome 0.275 + 0.029 | 0.064 + 0.009 | 0.388 + 0.042 | 0.409 + 0.033 | 0.182 + 0.012 | 0.584 + 0.036 
I 25 a so eraielea vc calee | 0.004 + 0.001 | 0.232 + 0.018 | 0.003 + 0.001 | 0.007 + 0.003 | 0.417 + 0.037 | 0.008 + 0.001 


lading ee | 0.013 + 0.001 | 0.016 + 0.002 | ® 015 + 0.002 | | 0. 245 + 0.038 | 0.327 + 0.118 | 0.264 + 0.094 





TABLE IV 
Effects of insulin on metabolism of glucose-1-C'*, glucose-2-C", glucose-3 , 4-C, 
and glucose-6-C'* by adipose tissue in vitro 
Values expressed as zmoles specifically labeled glucose carbon per mg of tissue nitrogen per 3 hours. Mean of three experiments 
with standard errors. Insulin 0.1 unit per ml; glucose 5 mmoles per liter. 








Glucose-1-C™ Glucose-2-C“ ee ws Glucose-6-C'*# 














| Control | Insulin Control | Insulin | Control | Insulin Control Insulin 
pa a ee " |———____ |—_———__ ; a — 
Carbon dioxide.............| 0.384 | 1.340 0.244 | 0.595 | 0.365 | 1.595 0.123 0.197 
+ 0.027 + 0.075 | + 0.032 + 0.017 + 0.081 | + 0.314 + 0.008; + 0.016 
Tissue fatty acids...........| 0.056 0.476 0.061 | 0.379 0.013 | 0.117 0.111 0.619 


+ 0.025 + 0.093 + 0.001 | + 0.008 + 0.007 | + 0.032 + 0.038 + 0.055 
Glyceride-glycerol | 











RE ies cv accinte cay’ | 0.323 | 0.482 | 0.070 | 0.153 0.336 | 0.635 0.342 0.536 
| + 0.041) + 0.009 | = 0.020) + 0.009} + 0.042/ + 0.098) + 0.041) + 0.028 
NN 2 coca dasiowased | 0.005 | 0.009 0.225 | 0.344 0.017 | 0.050 0.002 0.009 
| + 0.002 | + 0.0025 + 0.018) + 0.039} + 0.004 | + 0.006; + 0.001) + 0.001 
BN ois nis sasdsen 0.011 | 0.123 | 0.015 | 0.163 0.014 0.152 0.016 0.093 
| +0 + 0.023} + 0.001) + 0.013} + 0.004 0.004 | + 0.018; + 0.008; + 0.004 
umole per mg of tissue nitrogen, again showing no significant DISCUSSION 
difference. 


The values here recorded are uniformly and proportionally 


In « supplementary experiment adipose tissue was incubated smaller than those previously reported from this laboratory 


with glucose-6-C"™ of high specific activity (2.3 < 10° c.p.m. per 
mmole) in the presence of insulin. Glycogen was isolated from 


the tissue, hydrolyzed, and the resulting glucose counted as the paeveplad 
phenylosazone derivative as described previously. Glycogen- Sum of recovered labeled glucose carbon 
glucose specific activity was 1,160,000 c.p.m. per mmole. An Values expressed as umoles specifically labeled glucose carbon 


aliquot of the glycogen glucose was oxidized with periodic acid per mg of tissue nitrogen per 3 hours. Mean of seven experi- 
and carbon 6 isolated and counted as formaldimedone, yielding a. ie O.8 aah ger am _anane Sean per ieee. 
- ’ a . — 
within the limits of our methods the same specific activity as the | a | Insulin 
— 
10 
- 
| 








glucose phenylosazone. On the other hand, formate derived ye ~ — 
from carbons 1 through 5 by periodate oxidation was oxidized 

by mercuric ion to CO:z and counted as barium carbonate. A  — 
specific activity of 890 c.p.m. per mmole of formate carbon was Tissue fatty acids. . 
found. Therefore, the activity of carbon 1 could not have been Giyeeride-giyesral 





ci | ¢ C-6 


—_ mae 





re 179 | 0.40 | 10.783 | 1.482 | 0.53 





. ee A eee Sk = OR SC eccincd cia bieee g a2 0.391 | | 0.71 0.416 0.592 | | 0.70 
greater than 5 times this amount, namely 4,450 c.p.m. per mmole. araan citric acid : | je = | | | 
This striking lack of randomization of carbon 6 to position 1 of WO, osc ecnsenis 4 055*| 0.137 '0.119*! 0.225 | 


glucose in glycogen strongly suggests that little if any of the a i 0.406 0.707 | 0.57 |1.318 | 2.299 | 0.57 
original glucose had been metabolized to triose phosphate before —_- 
its incorporation into glycogen. ° Calculated from C-1:C-6 fatty acid ratio X C-6 oxidation. 
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(1,2). The reasons are several. The concentration of glucose 
in the medium was 5 mm not 20 mm as previously. Secondly, 
older and larger animals were used (13) in order to obtain more 
adipose tissue for multiple incubations. Finally, the presence 
of albumin in the buffer contributed a small amount of nitrogen 
(on which the calculations were based) even though the tissues 
were repeatedly rinsed after incubation. 

In the previous report (2) it was inferred that half the glucose 
was metabolized by the Embden-Meyerhof pathway and half by 
the phosphogluconate-oxidative pathway, since twice as much 
carbon 6 as carbon 1 was recovered in fatty acids. The data 
presented here show a similar ratio for the recovery of carbon 1 
and carbon 6 in fatty acids, but a significantly different ratio 
for the recovery of these two carbons in glycerol obtained from 
tissue lipid. This discrepancy can be resolved by assuming that 
in this tissue, as in liver (14), complete equilibration at the triose 
phosphate level may not occur, thus favoring the recovery of 
carbon 6 in fatty acids and of carbon 1 in glycerol. Therefore, 
a more accurate assessment of the relative activities of the two 
pathways should result from the comparison of the recoveries of 
carbon 1 and carbon 6 in both glycerol and fatty acid. Further- 
more, the amount of each glucose carbon oxidized in the citric 
acid cycle should be added to this sum. If the oxidation of 
glucose carbon 6 is taken to assess the activity of the citric acid 
cycle, then the oxidation of glucose carbon 1 in the cycle can be 
calculated from the ratio of carbon 1 to carbon 6 in fatty acids, 
if it is further assumed that fatty acids reflect the proportion of 
labeled carbons in the acetate pool. These calculations are 
shown in Table V, from which may be concluded that approxi- 
mately 43% of the molecules of glucose are metabolized by a 
pathway or pathways entailing the loss of carbon 1 and, as be- 
fore, that this percentage remains unchanged as a result of 
insulin stimulation. This estimate, although probably more 
accurate than the previous one, is still based on many assump- 
tions. Thus it is assumed that carbon recovered in CO, from 
carbon 6 is mainly derived from the citric acid cycle. Recently 
Wood et al. (15) have defined another step, the transaldolase 
exchange reaction, whereby hexose carbons 4, 5, and 6 might be 
favored for fatty acid synthesis, relative to hexose carbons 1, 2, 
and 3. This reaction could also explain the relatively greater 
recovery of carbon 1 in glycerol compared to its recovery in 
fatty acids. Experiments are in progress to further clarify the 
possible importance of this reaction in adipose tissue. 

The high rate of glucose carbon 2 oxidation can be explained 
partly by rearrangement of one-third of the carbon 2 to hexose 
carbon 3 after a single cycle of the phosphogluconate-oxidative 


| pathway; further recycling may well account for the remainder 


of the excess. The relatively low recovery of carbon 2 in fatty 
acids corroborates this loss of carbon 2 due to rearrangement and 
resulting oxidation to COs. 

Finally, the prominent role of glyceride-glycerol synthesis in 
adipose tissue incubated without added insulin warrants some 
discussion and may well be another manifestation of the constant 
metabolic activity of this tissue. Approximately 3 times as 
much glucose carbon is recovered in glycerol as in fatty acids. 
Assuming a mean fatty acid chain length of approximately 17 
carbons, 17 moles of glycerol are synthesized per mole of fatty 
acids. Since 1 mole of glycerol can be esterified with 3 moles of 
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fatty acid, the excess molar glycerol synthesis can theoretically be 
raised to 51 times that of the fatty acids. Recent experiments 
have shown a rapid exchange of medium fatty acids with fatty 
acids in tissue glycerides (16).!_ The rapid glycerol turnover 
demonstrated in this study may well play an important role in 
the esterification and lipolysis necessary for this exchange. 


SUMMARY 


Glycogen and glyceride-glycerol synthesis from randomly and 
from differentially labeled glucose-C“ has been measured in adi- 
pose tissue incubated in vitro, both in the presence and in the 
absence of insulin. The recovery of label in glyceride-glycerol 
was much greater on a molar basis than that expected from the 
synthesis of labeled fatty acids. 

Insulin stimulated glycogen synthesis approximately 10- to 
50-fold, whereas glycerol synthesis was stimulated only 2- to 
3-fold. Recovery of specifically labeled glucose carbons re- 
vealed that glycerol originates in part from metabolites derived 
through the phosphogluconate-oxidative pathway. The ratios of 
recovered glucose carbon 1 to glucose carbon 6 in fatty acids and 
in glycerol were approximately 0.5 and 0.8, respectively, a dis- 
crepancy which may be due to incomplete triose phosphate 
equilibration. 
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I. DISTRIBUTION AND PURIFICATION 
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The citrate cleavage enzyme,! which catalyzes Reaction 1, has 
been found to occur in pigeon liver (2), beef brain, pig heart (3), 
and certain bacteria (4). 


Citrate + ATP + CoA — acetyl-CoA + OAA2?+ ADP+P; (1) 


Wolleman (3) has reported that this enzyme activity can be 
attained by combining an ammonium sulfate fraction of pig 
heart, rich in condensing enzyme, and an extract of an acetone 
powder of pig heart containing the P-enzyme (succinyl-CoA 
synthetase). Since a preparation claimed to be S-phosphoryl- 
CoA would replace adenosine 5’-triphosphate and coenzyme A, 
a CoA-kinase was assumed to be involved in the reaction. 

We had been able to produce Reaction 1 by a pigeon liver 
preparation that is free from condensing enzyme (2). This 
paper reports the 100-fold purification of the citrate cleavage 
enzyme from chicken liver. In contrast to the results of Wolle- 
man, no separation into components could be accomplished and 
in agreement with our earlier work no condensing enzyme could 
be detected. In addition, a study of the distribution of this 
enzyme is reported. 


EXPERIMENTAL PROCEDURE 


Materials—ATP, CoA, and DPN were purchased from Pabst 
Laboratories. DPNH was prepared by the method of Gutcho 
and Stewart (5). BAL was purchased from Aldrich Chemical 
Company and thioethanol from Eastman Kodak Company. 
Purified malic dehydrogenase was a gift of Dr. W. G. Robinson. 
Acetyl-CoA was prepared by the method of Simon and Shemin 
(6). 

Assay of Enzyme—When citrate is incubated with ATP, CoA, 
Mg**, and enzyme, two of the products formed are acetyl-CoA 
and oxaloacetate. The enzyme can be assayed by trapping 
the acetyl-CoA as acetylhydroxamate and measuring the latter 
by the color produced with FeCl; (2), but this assay is useful 
only for a small range of enzyme concentration. A larger range 
of enzyme concentrations can be assayed when oxaloacetate 
is measured by its reaction with DPNH in the presence of malic 
dehydrogenase. The assay mixture contained 100 pmoles of 


* Supported in part by United States Public Health Service 
Grant A-1551 and in part by a grant of the Michigan Alumni Fund. 
A preliminary report has appeared (1). 


1 This name is now proposed for the enzyme. It has been re- 


ferred to previously as the citrate-ATP-CoA enzyme (2) and the 
citrate-activating enzyme (3). 

2 The abbreviations used are: OAA, oxaloacetate; Pi, inorganic 
orthophosphate; BAL, 2,3-dimercaptopropanol; Tris, tris(hy- 
droxymethyl)aminomethane. 
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Tris buffer, pH 7.3, 10 wmoles of MgCle, 0.3 umole of CoA, 10 
umoles of BAL or thioethanol, 21 umoles of potassium citrate, 


500 units of malic dehydrogenase, 0.1 to 0.2 umole of DPNH, fF 


5 wmoles of ATP, the enzyme solution, and water to make a 
final volume of 1.0 ml. The reaction was usually initiated by 
adding ATP, and its progress was measured against a blank cell 
containing all components except DPNH and CoA. Measure 
ments of optical density changes were made at 340 muy ina 
Cary model 11 spectrophotometer. Protein concentrations were 
measured by a modification of the turbidimetric method of 
Biicher (7). 


Purification of Enzyme 


Extraction—Forty-five grams of fresh or frozen chicken liver 
were homogenized in a Waring Blendor with 450 ml of 0.4 m KC 
in 20% ethanol. The initial temperature of the KCl-ethanol 
solution was 0°, but homogenization was allowed to proceed for 
2 minutes at room temperature. Subsequent operations were 
carried out with the enzyme solution in a beaker in an ice bath. 
Centrifugations were also performed at 0°. After homogeniza- 
tion the extract was allowed to stand for 5 minutes, and the 
fatty layer that rose to the top was skimmed from the extract. 
The homogenate was centrifuged at 20,000 x g for 15 minutes. 
The supernatant fluid was poured through several layers of 
cheesecloth. The filtrate is referred to as the enzyme extract. 

1. Acidification: For each liter of extract 60 ml of 1 m sodium 
acetate buffer, pH 5.4, were added, and the solution stirred for 15 
minutes, centrifuged at 20,000 x g for 15 minutes, and the pre- 
cipitate discarded. This step invariably increased the total 
activity over the original extract. 

2. Zine step: To each liter of supernatant fluid, 10 ml of 0.1 ¥ 
zine acetate were added. The solution was stirred for 15 to 30 
minutes and centrifuged at 20,000 x g for 15 minutes. The 
supernatant fluid was discarded and the precipitate suspended 
in cold 0.5 m KCl (,45 the volume of the original extract) with 
glass homogenizer. The suspension was centrifuged at 20,000 x 
g for 10 minutes and the precipitate reextracted with 0.5 m KC! 
in a similar manner. Occasionally ethylenediaminetetraacetate 
(0.1 m) has been used to help dissolve the precipitate. 

3. Alcohol step: The combined KCl solutions (protein con- 
centrations between 22 and 26 mg per ml) were diluted with cold 
water to a KCl concentration of 0.1 m. The solution was stirred 
15 minutes, and the precipitate was removed by centrifugation. 
To the supernatant fluid (protein concentration between 3 and 
6 mg per ml) cold alcohol was added to a final concentration o 
15%. The precipitate was collected by centrifugation and dis 
solved in water or dilute KC]. In some instances this quantity 
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of alcohol was added in steps to give 2 to 4 different precipitates. 
Precipitates formed in passing from 7 to 12% alcohol contained 
the bulk of the activity. 

4, Ammonium sulfate step: The enzyme preparation obtained 
py alcohol fractionation was treated with ammonium sulfate, 
either in saturated solution or as the crystalline salt. The pro- 
tein concentration of the alcohol fraction was usually 20 mg per 
ml, although fractionation has also been carried out at both 
higher and lower protein concentrations. The increment in 


ammonium sulfate concentration precipitating the bulk of the 


activity was variable, depending on the solvent that had been 
ysed for dissolving the alcohol precipitate. If 0.5 m KCl was 
used, the precipitate forming between 25 and 33% saturation 
with ammonium sulfate contained most of the activity, but if 
water was used as the solvent, the activity fell in the fraction 
appearing between 30 and 40% saturation. 

5. Alumina gel Cy step: The enzyme solution was adjusted 


toa quantity of alumina gel Cy (previously packed by centrifu- 
gation) such that there was 1 mg of gel for each mg of protein. 
The solution was allowed to stand 15 minutes at 0°. The gel 
was collected by centrifugation and the supernatant fluid dis- 
carded. The gel was washed with 0.04 m potassium citrate, 
pH 7.0; this wash was discarded. The enzyme was recovered 
by washing the gel with 0.1 M potassium citrate, pH 7.0. 


RESULTS 


Assay—Fig. 1 shows that no oxidation of DPNH occurred 
unless citrate, ATP, CoA, Mg++, and enzyme were present. 
The requirement for malic dehydrogenase indicates that oxalo- 
acetate was a product of citrate cleavage. As expected, the 
dependence on malic dehydrogenase could not be shown with 
less highly purified samples. Such preparations also required a 
thiol compound for maximal activity. Certain enzyme frac- 
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tions showed traces of activity without added Mg++ possibly 
owing to trace metal contamination. The effects of varying the 
concentration of the reaction components is shown in Fig. 2. 

As Fig. 1 shows, optical density decreases linearly with time 
when ATP is the last component added. When citrate or the 
enzyme preparation is the last addition, a lag phase occurred. 
Fig. 3 shows that the rate of DPNH oxidation was proportional 
to enzyme concentration. 

Distribution—Table I shows the amount of enzyme and its 
specific activity in a number of tissues. The enzyme was found 
to be widely distributed in animal tissues. The greatest enzyme 
activities were observed in extracts of chicken liver and rat liver. 
Extracts of spinach and of mushroom had no enzyme activity. 

Purification—A study of the influence of various extraction 
media on the completeness of extraction was made. KCl, 0.4 m, 
in 20% ethanol gave extracts of maximum activity. Special 
precautions in preparing the original extract, such as adding the 
alcohol slowly at 0 to —5°, did not affect the activity obtained. 
Chicken liver frozen for as long as 3 months retained most of its 
activity. Table II shows the results of 15 separate purification 
trials carried through the ammonium sulfate step. The success 
with alumina gel Cy has been variable. The highest specific 
activities obtained were in the range of 1.4 to 1.6, or an over-all 
purification of 100-fold. 

In each fractionation step except the gel step a complete re- 
covery of all activity could be made. A number of other pro- 
cedures were effective in concentrating enzyme activity, but no 
evidence for separation into several proteins was obtained, even 
when such procedures as chromatography on diethylaminoethy] 
cellulose or on calcium phosphate gel columns were used. When- 
ever any procedure caused a significant loss of activity, recom- 
bination of fractions was tried, but stimulation of one fraction 
by any or all of the others was never observed. 

Stability of Enzyme—All of the fractions were unstable. A 
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Fig. 1. Dependence of DPNH oxidation upon the components of the assay mixture. 


path = 1 em). 


Reactions were run in 1.2-ml silica cells (light 


Final reaction mixtures all contained 100 zmoles of Tris, pH 7.3, 0.3 wmole of CoA, 20 umoles of potassium citrate, 5 


umoles of ATP, 10 nzmoles of MgCle, 500 units of malic dehydrogenase (MD), 0.15 umole of DPNH, and 330 ug of enzyme (1000 ug of en- 


tyme extract when MgCl, dependence was under study) in a final volume of 1.0 ml. 


the figure were present at the time of the last addition. 


The results are corrected for changes in absorbance due to dilution. 


All other components except the one indicated on 
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Fig. 2. Effect of varying concentrations of assay components. 
With the exception of the substance studied, the concentrations of 
other components were as listed in Fig. 1. The rate of reaction 
using the concentration of the assay method was assumed to 
be 100. Several purified enzyme preparations were used in this 
study. 
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Fig. 3. Effect of enzyme concentration upon rate of DPNH 
oxidation. Conditions for assay are described in the legend for 
Fig. 1. The figures indicate ml of an enzyme preparation contain- 
ing 4 mg of protein per ml. 











variety of conditions and additives had no effect upon the sta- 
bility of the enzyme. Typically, 40% of the activity was lost 
upon storage of the enzyme overnight. Dialysis against distilled 
water for 4 hours did not affect the activity. The enzyme could 


be diluted to protein concentrations of less than 0.1 mg per ml 
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TABLE I 
Distribution of citrate cleavage enzyme in various tissues 

Extracts of rat, rabbit, chicken, and beef tissues were made as 
described for chicken liver in the text. Pig tissues were extracted 
in a similar manner but in a 0.5 mM KCl solution instead of the 
usual KCl alcohol medium. One unit of activity is equal to 1 
umole of DPNH oxidized per minute at 20° in the assay described 
in the text. Specific activity refers to units per mg of protein. 


Specific activity | Total activity 
X 108 


Tissue per g of tissue 








Rat | 
ere 1.0 | 0.67 
ere 0.65 0.27 
heart......... 0.19 | 0.065 
| ere eRe ms 1.2 0.16 

Rabbit 
di. acs ai | 0.048 0.096 
kidney...... 0.22 0.23 
a | 0.22 0.22 
0 eee | 0.83 0.19 
spleen..... Baha wiatatatentees we 0.18 0.13 

Chicken 
eee 1.1 0.78 
heart....... 0.23 0.25 

Beef 
liver | 0.08 0.16 
ORS Saw coawene | 0.48 | 0.13 

Pig | 
acca vided’ | 0.026 | 0.04 
NE dao erdnocuctiens | 0.096 | 0.08 
heart..... | 0.34 | 0.17 
| ee 0.064 


0.13 | 





TaBLe II 
Summary of purification of citrate cleavage enzyme 
Purification was usually performed on 90 or 135 g of chicken 
liver. The numbers in parentheses indicate the range of activities 
for 15 separate purification trials. The other figures are average 
values for the 15 runs. The definition of activity is in the legend 
to Table I. 








Total | 





Step | Specific activity X 10 activity per g| Recovery 
Enzyme extract. | 1.0 (0.72-1.64) 1.5 100 
Acidification. .... 2.0 (1.15-2.52) | 1.8 123 
Zinc. . Saar 10.1 (4.45-15.5) | 1.3 87 
Alcohol. ..... ..| 24 (11.1-51.0) 0.91 60 
Ammonium sulfate. ...| 59.5 (22.1-127) 0.53 35 
| 
without apparent loss of activity within 15 minutes. Heating at 


48° for 1 minute destroys 90% or more of the enzyme activity. 

Enzymic Purity—The enzyme after gel purification contained 
little or no condensing enzyme activity, no DPNH oxidase, no 
malic dehydrogenase, no acetyl-CoA deacylase, traces of ATPase, 
and traces of myokinase. An important point, of course, is 
whether or not this enzyme is the same as, or whether the prep- 
aration contains, condensing enzyme. Table III shows a frac- 
tionation of chicken liver in which both condensing enzyme ac- 
tivity and cleavage enzyme activity were followed through a 
number of isolation procedures. Wide variation in the ratio of 
these two enzymes was obtained and a complete separation of 
the enzymes effected. 
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TaBLe III 


Separation of condensing enzyme from citrate cleavage 
enzyme from chicken liver 
Condensing enzyme was assayed with the use of the optical 
test of Stern et al. (8), and its specific activity is expressed here as 
pmoles of DPNH formed per minute per mg of protein at 20°. 
See Table I for definition of specific activity of citrate cleavage 











enzyme. The last column refers to the ratio of these two specific 
activities. 
| Condensing Citrate cleavage | Condensing/ 
Enzyme fraction | enzyme specific | enzyme specific citrate 
activity X 10? activity X 10? cleavage 
Enzyme extract........ 0.013 0.011 1.2 
Acidification, pH 5.4. 0.012 0.019 0.63 
Zn*+, 0-0.0005 M........| 0.041 0.053 0.8 
Zn**, 0.0005-0.001 Mm... .| 0.017 0.079 0.22 
Alcohol, 0-7.5%...... 0.000 0.083 0.0 
Alcohol, 7.5-14%.... .| 0.031 0.24 0.13 








TaBLe IV 
Intracellular distribution of citrate cleavage enzyme 

A sucrose homogenate of chicken liver was made in the usual 
manner (9). Preparations containing mitochondria could not be 
assayed by the optical test described in the text because of DPNH 
oxidase activity. Such fractions were assayed by the hydrox- 
amate method (2), and the numbers in parentheses refer to this 
assay. One unit of activity in the hydroxamate assay equals 1 
umole of acetylhydroxamate formed per minute at 37°. Specific 
activity equals units per mg of protein. 


Preparation | 





nn aed Total activity 





(0.82) (10) 
(0.98) (10) 
(2.3) | 3.5 (11) 


Whole homogenate...... 

er 

Minus nuclei and mitochondria 

Minus nuclei, mitochondria, and mi- 
crosomes....... sleteaairie | 1.4 (6.4) 3.5 (17) 

Supernatant fraction centrifuged for | 
4 hours at 144,000 K g 





| 
; ..| 0.4 
remeender. ......... 7 here | i.7 
Se eee 3.7 


a 49 0.32 
2.2 
| 1.0 





Intracellular Location—Table IV shows the results of an at- 
tempt to determine the intracellular location of this enzyme in 
chicken liver. The results in Table IV indicate that the enzyme 
appears in the supernatant fraction described by Hogeboom and 
Schneider (9), presumably indicating that the enzyme is located 
in the cytoplasm of the liver cell. Further centrifugation of the 
supernatant fraction indicates that the enzyme can be sedi- 
mented at 144,000 x g and thus probably has a molecular 
weight of approximately 1 x 10° Similar results were ob- 
tained with ultracentrifugal studies of a 30-fold purified enzyme 
preparation. 


DISCUSSION 

A number of examples are known in which synthesis and 
degradation of tissue components are accomplished by two 
separate reaction sequences. Such paths exist even when one 
sequence is demonstrably reversible. For example, recent evi- 
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dence (10) shows that a separate pathway for glycogen synthesis 
occurs in tissues distinct from the reversible phosphorylase reac- 
tion. Glucose synthesis from pyruvate probably proceeds 
through at least one enzyme differing from its counterpart in- 
volved in glycolysis (11), and fatty acid oxidation and synthesis 
are enzymatically different sequences (12). The citrate cleavage 
enzyme and condensing enzyme represent an additional example 
of such different routes for cleavage and synthesis. The citrate 
cleavage reaction may serve as a source of acetyl-CoA in certain 
tissues. The position of equilibrium in the citrate condensing 
reaction (8) does not make it a likely path for acetyl-CoA pro- 
duction from citrate. Wolleman has pointed out that the ci- 
trate cleavage reaction could account for the ability of citrate 
to serve as an efficient precursor of acetylcholine in brain tissue. 

The citrate cleavage reaction is a complex one, and a number 
of reaction sequences can be written for the over-all reaction. 
In attempts to confirm the pathway proposed by Wolleman, the 
two pig heart enzyme fractions were prepared according to his 
directions. The combined fractions showed citrate cleavage 
activity only equal to the sum of their separate activities. The 
protein obtained here may be an intimate association of several 
enzymes similar to systems for the catalysis of the oxidation of 
pyruvate and a-ketoglutarate (13, 14). This possibility will be 
further examined. 


SUMMARY 
The citrate cleavage enzyme, which catalyzes the reaction: 
Citrate + ATP + CoA — acetyl-CoA + OAA + ADP + P, 


has been found to occur in a variety of animal tissues. A 100- 
fold purification of the enzyme from chicken liver has been de- 
scribed. The enzyme is free from condensing enzyme, and no 
separation into component reactions could be produced. A 
possible role for this enzyme is considered, and certain aspects 
of the reaction are discussed. 


Acknowledgment—The author wishes to acknowledge the ex- 
cellent assistance of Mrs. Virginia Johannson. 
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Previous communications (1-3) reported that in addition to 
the conventional 6-oxidation pathway, two other mechanisms 
function in cotyledons of germinating peanuts in the breakdown 
of long chain fatty acids. The first is a specific long chain fatty 
acid peroxidase (2, 3) which oxidizes long chain fatty acids with 
a loss of the carboxyl carbon as COz and the formation of a long 
chain aldehyde. The second is a microsomal system which 
catalyzes a DPN+-dependent, stepwise degradation of saturated 
long chain fatty acids. 

A further study of the properties of the enzymes and mecha- 
nisms of the reactions involved is presented in this paper. 


EXPERIMENTAL} 


Preparation of Enzymes—Mitochondria were prepared from 
the cotyledons of germinating peanuts as previously described 
(4). Microsomes were prepared by fractional centrifugation (5). 
Cytoplasmic (supernatant) enzyme (S45) was prepared by the 
method of Castelfranco et al. (2). Acetone powders of cotyle- 
dons of germinated peanuts (6 days) were prepared as follows. 
Freshly harvested cotyledons were ground in a Waring Blendor 
for 40 seconds with 10 times their weight of cold acetone (—5°), 
filtered by suction, and the powder submitted to the same proc- 
ess again. Then 200 ml of fresh ethyl ether was poured over 
the material on the filter paper and the suction applied until the 
pad was nearly dry. The solvent-damp powder was transferred 
to a vacuum desiccator and vacuum applied until all traces of 
ether were gone. The dried acetone powder was stored at —10° 
in sealed vials. The acetone powder was extracted with 15 ml 
of 0.1 m phosphate buffer at pH 7.5, containing 50 mg of sodium 
choleate for 1 hour at 4°, followed by centrifugation for 5 min- 
utes at 4,000 x g, to remove cell debris. The supernatant liquid 
was adjusted to 50 per cent saturation with cold neutral satu- 
rated ammonium sulfate, and the precipitate redissolved in a 
minimum of 0.1 m phosphate buffer at pH 7.5. The resulting 
preparation was referred to as “AS” enzyme. 

Glucose oxidase was purchased from Worthington Biochemical 
Corporation. An aqueous solution containing 1 mg of protein 
per ml was stored at —5° for several months without appreciable 
loss in activity. Rattlesnake venom, Crotalus adamanteus, ob- 


* A report of a portion of this work was presented at the 133rd 
meeting of the American Chemical Society at San Francisco, 
April, 1958. 

{Supported in part by a grant from the National Science 
Foundation (G-1798). 

1 We are indebted to Mrs. Charlotte Schmid for assistance in 
the experiments described in this section. 


tained from Ross Allen’s Reptile Institute, Silver Springs, Flor- 
ida, served as the source of L-amino acid oxidase. 

Luciferase was prepared by the method of McElroy et al. (6) 
from freshly harvested cells of Achromobacter fischeri and stored 
at —5° for several months without appreciable loss in activity. 

Substrates, Derivatives, and Inhibitors—Palmitic acid-1-C™ was 
purchased from Tracerlab, Inc., Boston; palmitic-11-C" from 
Radiochemical Specialties Company, Los Angeles. Palmitic 
acid-2- and -3-C", stearic-1-C™“, myristic-1-C™, and lauric acid- 
1-C'4 were generously contributed by Dr. S. Abrahams, of the 
Department of Physiology, University of California. Other 
appropriately labeled fatty acids were obtained from Dr. H. A. 
Barker. Professor J. Cason, of the Department of Chemistry, 
University of California, kindly supplied samples of the follow- 
ing saturated fatty acids: Cy, Cu, Cis, Cis, Cir, Cig, Coo, and Cy. 
Myristy], lauryl, and decyl aldehydes were purchased from The 
Matheson Company, Inc., Norwood, Ohio. Pentadecyl-2,4- 
dinitrophenylhydrazone was prepared according to Lauer et al. 
(7). 

Derivatives of imidazole were a gift of Dr. E. R. Stadtman, 
National Institutes of Health, Bethesda, Maryland. The tris- 
(hydroxymethyl)aminomethane salt of DPNH was obtained 
from Dr. E. E. Conn; ATP, CoA, DPN*+, and TPN+ were pur- 
chased from the Sigma Chemical Company, St. Louis; flavin 
monophosphate from Nutritional Biochemicals Corporation, 
Cleveland. The ammonium salts of long chain fatty acids were 
prepared as described previously (2). Saturated aqueous solu- 
tions of long chain aldehydes were prepared fresh as needed. 

Methods—Respiratory CO», derived from the oxidation of 
C-labeled substrates by the peroxidase-catalyzed system, was 
isolated and counted as previously described (2). Long chain 
aldehydes were assayed qualitatively by the luciferase photo- 
metric method of McElroy et al. (6) as described by Stumpf (3). 
This method was quantitated by standardizing the arbitrary 
units on the photometer scale against palmitaldehyde thiosemi- 
carbazone, with Hartree and Mann’s modification (8) of the 
colorimetric method of Feulgen and Griinberg. 

The 2,4-dinitrophenylhydrazones of long chain aldehydes 
were formed from reaction mixtures at the end of the desired 
incubation period, by the addition of 0.2 ml of 10 n H.SO, and 
4 ml of a mixture of 1 part by volume of saturated 2,4-dini- 
trophenylhydrazine in ethanol and 4 parts of diluted phosphoric 
acid (1 volume of water to 2 volumes of 98 per cent H;PO,). 
The mixture was transferred to a glass stoppered 30-ml. centri- 
fuge tube containing 10 ml of isooctane, shaken to form an 
emulsion, heated to 50° for 30 minutes, centrifuged, and the 
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isooctane layer withdrawn. The isooctane extraction was re- 
peated, the extracts combined, and evaporated under a stream 
of air on a steam bath. The residue was taken up in 0.3 ml of 
carbon tetrachloride, chromatographed on the reversed phase 
system of Ellis (9) for the separation of long chain aldehyde 
2,4-dinitrohydrazones. Spots were located by ultraviolet ab- 
sorption and radioautography. 

Long chain fatty acids were isolated and identified by chro- 
matography of isooctane extracts prepared as just described, 
with the use of the reverse phase system of Kaufmann and 
Nitsch (10). Spots were located by radioautography. 


RESULTS 


a-Oxidation Pathway—Enzyme preparations (AS enzyme) 
from acetone powders of cotyledons of germinating peanuts 
catalyze reactions described for both the supernatant and mi- 
crosomal systems, i.e. the DPN+-independent peroxidation of 
palmitic acid-1-C™ by the former, and the DPN+-dependent 
oxidation of palmitic acid-2-C™ by the latter. Figs. 1 and 2 
illustrate the results of several experiments comparing the ki- 
netics of oxidation of these two substrates. It is evident that 
the oxidation of both substrates is inhibited by imidazole and 
both require a hydrogen peroxide-generating system. However, 
the oxidation of palmitate-2-C™ requires, in addition, DPN+ 
(TPN? is ineffective), whereas the oxidation of palmitate-1-C™ 
shows no such requirement. Fig. 2 indicates that during the 
preincubation period, before DPN*+ was added, a product ac- 
cumulates which upon the addition of DPN+ is oxidized to 
release C“O.. In addition, this DPN*+-dependent oxidation 
seems to take place about as fast as the decarboxylation step, 
and faster than the over-all palmitate-2-C™ oxidation. 





60 

















1 

I 

I ¢ 

| 

| 

40} | 
% CO, 
201r 

& - 2 4 1 4 
0 30 60 


MINUTES 


Fic. 1. The oxidation of palmitic acid-1-C'* by AS enzyme, a 
demonstration of requirement for peroxide source and the effect 
of DPN* and imidazole. Each Warburg cup contained 0.3 ml 
of AS enzyme (3 mg. of protein), 0.1 umole of palmitic acid-1-C™ 
(5000 c.p.m.), 50 uzmoles of potassium phosphate buffer at pH 7.3, 
5 umoles of glucose oxidase (0.05 mg of protein), except as indi- 
cated, and in addition, as indicated, 0.15 umole of DPN*, and 1 
umole of imidazole. Incubated at 25°. Total volume, 1 ml 
X, 0.15 umole of DPN* included. A, 0.15 umole of DPN* added 
after 30 minutes’ incubation. @, peroxide source (glucose and 
O, no 


glucose oxidase) omitted or 1 umole of imidazole included. 
DPN* included. 
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The possibility that the accumulating product, formed from 
palmitate-2-C' by the AS enzyme (in the absence of DPN’), is 
a long chain aldehyde which is oxidized by a DPN+-dependent 
aldehyde dehydrogenase, was investigated in a series of experi- 
ments with the luciferase assay for long chain aldehydes. Fig. 
3 shows a plot of aldehyde formation as a function of time by 
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Fic. 2. The oxidation of palmitate-2-C" by AS enzyme, a 

demonstration of requirement for a peroxide source and the effect 

of DPN* and imidazole. Reaction mixture was the same as for 

Fig. 1, except as indicated. @,no DPN* included. A, peroxide 

source omitted or 2 umoles of imidazole included. X, 0.5 umole 

DPN* included. O, 0.5 umole DPN* added after 30 minutes’ 
incubation. 
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Fic. 3. The formation of long chain aldehyde from palmitate 
by AS enzyme, a demonstration of the requirement for a peroxide 
source and the effect of DPN* and imidazole. Reaction mixtures 
were the same as for Fig. 1, except that unlabeled palmitic acid 
was used as substrate, and as otherwise indicated. Reactions 
were carried out in 10-ml test tubes and, at intervals indicated, 
0.1-ml aliquots were withdrawn and assayed for long chain 
aldehydes by the luciferase method. X, normal reaction mixtures 
as for Figs. 1 and 2. O, peroxide source omitted. @, 1 umole of 
imidazole included. 

* At the time shown, 0.15 umole of DPN* was added to both 
reaction mixtures (see legends Figs. 1 and 2), and 5 wmoles of 
imidazole were added to reaction mixture of Fig. 1. 
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Fia. 4. Enzymic oxidation of n-tetradecanal by AS enzyme. 
Reaction mixtures contained 50 umoles of phosphate buffer pH 
7.3, 0.1 ml of a saturated solution of n-tetradecanal, AS enzyme 
(3 mg of protein) as indicated, and water to make total volume 
1ml. Assays were carried out as for Fig.3. X,ASenzyme. A, 
boiled AS enzyme. @, enzyme omitted. O, AS enzyme after 
treatment with Dowex 1-CI-. 

* At the times shown, 0.15 umole of DPN*+ was added to the 
reaction mixtures indicated. 

** At the times shown, 0.1 umole of TPN* was added. 


60 


the AS enzyme with palmitate as substrate and the effect of 
added DPN* on the aldehyde thus formed. It seems that this 
system is capable of catalyzing the formation of a long chain 
aldehyde from palmitate as well as a DPN*+-dependent oxidation 
of the aldehyde thus formed. Also, the rate of the aldehyde 
oxidation is similar to that of the aldehyde formation, which is 
in agreement with the C“O.2 data presented in Figs. 1 and 2. 
The data in Fig. 3 demonstrate that the formation of the long 
chain aldehyde requires a peroxide-generating system and is in- 
hibited by imidazole. 

The presence of an aldehyde dehydrogenase was further con- 
firmed with n-tetradecanal as substrate. The data in Fig. 4 
indicate that the aldehyde is enzymically oxidized. AS enzyme 
and AS enzyme treated with Dowex 1-Cl- were both assayed 
for their ability to catalyze a DPN+-dependent oxidation of 
n-tetradecanal. Fig. 4 shows that the untreated AS enzyme 
seems to have endogenous DPN* present which is removed by 
treatment with Dowex 1-Cl-, rendering the activity of the prep- 
aration absolutely dependent on DPN‘. 

Since palmitic acid labeled at position 11 does not give rise to 
CO, in this system, it was selected as a suitable substrate to 
serve as a tracer for the isolation and identification of reaction 
intermediates and final products. If the interpretation given to 
the data is thus far correct, then it should be possible to isolate 
from a reaction mixture, containing palmitate-11-C™ as sub- 
strate, a stable isotopically labeled derivative of the newly 
formed long chain aldehyde(s). Also, fatty acids of shorter 
chain length should be detected in the presence of DPN*. 

From reaction mixtures long chain fatty aldehydes were iso- 
lated as their 2,4-dinitrophenylhydrazones, chromatographed, 
and identified by inspection under ultraviolet light and radio- 
autography. Long chain fatty acids were isolated from the 
same extracts by chromatography and located by radioautog- 
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raphy. Figs. 5 and 6 illustrate the result of an experiment in 
which palmitate-1-C“ and palmitate-11-C™ were used as sub- 
strates, in the presence or absence of imidazole or DPN+. As 
expected, palmitate-1-C™ gave rise only to aldehyde which was 
not radioactive (No. 2, both figures). At zero time, No. /, only 
palmitate is present. In the presence of imidazole, only the 
initial substrate was detected (No. 3). With palmitate-11-C™ 
as substrate, radioactive pentadecyl-2 ,4-dinitrophenylhydra- 
zone, but no fatty acid other than palmitate was detected in the 
absence of imidazole or DPN+. The control (zero time) showed 
only palmitate (No. 4). In the presence of imidazole, only sub- 
strate palmitate was detectible (No. 6). When DPN* was added 
at the mid-point of the incubation period, the expected palmitic, 
pentadecanoic, and myristic acids were found, as well as traces 
of pentadecyl- and tetradecyl-2 ,4-dinitrophenylhydrazones (No, 
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Fic. 5. The effect of imidazole and DPN* on the formation of 
long chain aldehydes from palmitate-1- and -11-C", a search for 
intermediates. Tracing of a chromatogram (vaseline paper) of 
isooctane extracts of reaction mixtures after treatment with 2,4- 
dinitrophenolhydrazine. 
Legend: [_] Fluorescent area. 
Radioactive area. 
fi Fluorescent and radioactive area. (Degree of 
crosshatching indicates approximate radioactivity 
of a spot.) 
Explanation of numbers (quantities of various components are 
the same as for Fig. 1): 
1. Palmitate-1-C'* + glucose + glucose oxidase + AS enzyme, 
not incubated 
2. Same as 1, but incubated 1 hour 
3. Same as 1, but including 2 wmoles of imidazole and incubated 
1 hour 
4. Palmitate-11-C'* + glucose + glucose oxidase + AS enzyme, 
not incubated 
. Same as 4, but incubated 1 hour 
. Same as 4, but including 2 umoles of imidazole and incubated 
1 hour 
. Same as 5, except 0.7 umole of DPN* included 
. Same as 5, except 0.7 umole of DPN* and 2 umoles of imidazole 
added at mid-point of reaction period 
9. Cys-2,4-dinitrophenylhydrazone standard. 
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7). Addition of imidazole (which inhibits the long chain fatty 
acid peroxidase) and DPN?*, at the mid-point of the incubation 
period, resulted in the accumulation only of pentadecanoic acid 
and a trace of pentadecyl-2 ,4-dinitrophenylhydrazone (No. 8). 
a-Ketopalmitate, the intermediate proposed by Castelfranco 
(11), was not detected, nor was its 2 ,4-dinitrophenylhydrazone. 

In order to establish a stoichiometric relation between fatty 
aldehyde and COz formation, an S4s enzyme preparation was 
chosen as the source of fatty acid peroxidase. With palmitate- 
1-C" as substrate, aldehyde formation was followed concurrently 
with C“O, formation, with the use of the luciferase assay, stand- 
ardized against palmitaldehyde thiosemicarbazone. An em- 
pirical correction factor was applied to account for the speci- 
ficity of the luciferase for the chain length of the aldehyde. 
Within the accuracy of the methods used, there is good agree- 
ment between the aldehyde and CO, formed, as shown in Table 
I. Falling off of the aldehyde values after longer periods of 
incubation, may be due to oxidation by aldehyde dehydrogenase 
and residual DPN* present or by autoxidation and/or polymer- 
ization. 

Properties and Inhibitors of Long Chain Fatty Acid Peroxidase 
—The AS enzyme is stable at —5°, the initial activity declining 
about 10 per cent in 3 months. The fatty acid peroxidase activ- 
ity of the AS enzyme is almost completely destroyed by 5 min- 
utes’ exposure to 55° in the pH range of 5.5 to 8.5. With 
phosphate buffers the pH optimum for fatty acid peroxidase 
activity was found to be 7.5. 

The relation of fatty acid peroxidase activity to substrate 
concentration is shown in the double reciprocal plot of Fig. 7. 
The study was not extended above 0.1 umole, which seems to 
be the saturation level of palmitate. Other substrates were not 
studied. From Fig. 7, with the use of the intercept method of 
Dixon (15), a value for the Michaelis constant, K,, may be 
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Fic. 6. The effect of imidazole and DPN* on the formation of 
lower fatty acids from palmitate-1- and -11-C' by AS enzyme, a 
search for intermediates. Tracing of a chromatogram (kerosene 
paper) of the same extracts as used for the chromatogram of Fig. 
5. Legend and explanation of numbers same as for Fig. 5. 
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TABLE I 
Stoichiometry of perozidative decarborylation of palmitate-1-C™ 
catalyzed by fatty acid peroridase 

Reaction mixtures contained 0.1 umole of palmitate-1-C™ (5 X 
10° c.p.m.), 0.05 mg of glucose oxidase, 5 wmoles of glucose, 0.3 
ml of fatty acid peroxidase (3 mg of protein), 10 umoles of phos- 
phate buffer, pH 7.3, and water to make a total volume of 1 ml. 
Duplicate samples were run, and one from each set was used for 
CO: assay and the other for aldehyde assay. 





Stock — A | B 
Incubation period CO: formed Aldehyde formed | A:B 
~ ate, a “6, pmole pmole 
0 0 0 
1 0.00025 0.00034 | 0.74 
2 0.00049 | 
4 | 0.00186 | 0.00180 | 1.07 
7 0.00184 | 0.00640 | 0.75 
10 0.0114 0.0109 1.04 
15 0.0186 0.0155 1.20 
30 | 0.0433 0.024 1.78 
20 ->———_- - ——— 
I5 + 
0" 
VV JOF 








Pt 4 a | 4 


4 
-\/Km O J 2 Re) a > 
I/S xl0® 
Fig. 7. Long chain fatty acid peroxidase activity of AS enzyme 
as a function of reciprocal substrate concentration. Reaction 


mixtures were the same as described for Fig. 1, except substrate 
(palmitate-1-C') concentrations were varied. 





determined for palmitate. Extrapolation of the line to the left 
of the 1/V axis corresponds to —K,,. The value for K,, is 9.1 X 
10-5 m, which represents a rather high affinity of the enzyme 
for palmitate. 

Studies with the AS enzyme were conducted with the use of 
only the luciferase-aldehyde assay, with fatty acids from Cy 
through Cz: serving as substrates. The results showed the sub- 
strate range to be rather narrow, with pentadecanoic acid appear- 
ing to be the preferred substrate. These findings are in agree- 
ment with the earlier work (3), although this is the first time any 
of the fatty acids with an odd number of carbon atoms has been 
tested. Since the luciferase method itself shows a substrate 
specificity with respect to chain length, the results can give only 
a qualitative answer. Assay by the C“O, method would be 
preferred, since no such specificity would be apparent. 

Preliminary investigations with AS enzyme and S45 enzyme 
preparations showed long chain aldehyde formation from oleic 
acid as well as release of C“O, from oleate-1-C™ in the presence 
of glucose and glucose oxidase. Both were inhibited by imidaz- 
ole. CO, was released from oleate-1-C" at approximately one- 
third the rate from palimate-1-C™. 
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Fig. 8. Kinetics of imidazole inhibition of long chain fatty acid 





peroxidase activity of AS enzyme. Standard reaction mixture as 
for Fig. 1. V = velocity (defined as 0.001 umole of palmitate 
oxidized/30 minutes/3 mg of AS enzyme); S = substrate concen- 
tration; i = imidazole concentration. S = 3.85 X 105m, S = 
1.9 X 10° Mm. 


Inhibitors—Earlier work (1, 5, 11, 16, 17) described studies 
with various inhibitors upon the cytoplasmic and microsomal 
systems. Light-reversible inhibition by carbon monoxide was 
indicated by one experiment. About 50 per cent inhibition oc- 
curred in an atmosphere of 95 per cent CO and 5 per cent O2 in 
the dark. Also, cyanide at a concentration of 2.5 x 10°? m 
resulted in 90 per cent inhibition. 

Imidazole, which so far seems to be a rather specific and potent 
inhibitor of fatty acid peroxidase activity, and a series of its 
derivatives were compared for their structural requirements for 
this inhibition. Of those tested, imidazole and 1,2,4triazole 
seemed to be the most effective inhibitors; the former resulting 
in 86 per cent inhibition at a concentration of 5 x 10-4 m and 
the latter 64 per cent inhibition at 5 x 10-‘ m and 93 per cent 
at 5 x 10-*m. Other compounds tested were 1-methy] imidaz- 
ole, 4-hydroxymethyl imidazole-HCl, imidazole aldehyde, 
2-benzyl imidazole, 4,5-imidazole dicarboxylic acid, 1-hydroxy- 
ethyl-2-methy] imidazole, imidazole lactic acid, and 2-mercapto- 
4,5-imidazole dicarboxylic acid. All were less than one-half as 
effective at 5 < 10-4 m as were either imidazole or 1 ,2,4-triazole. 

The method of Dixon (15) was used in order to determine an 
approximate value for the inhibitor constant (K,) for imidazole 
and whether or not the inhibition is competitive. The effect of 
the inhibitor was determined at several concentrations, while 
holding the substrate concentration constant. Then the effect 
of the inhibitor was redetermined at another substrate concen- 
tration. The substrate concentrations were chosen so that they 
were below the saturation level (see Fig. 7). From the data ob- 
tained, a plot was made of 1/V against 7 (inhibitor concentration) 
keeping the substrate concentration (S) constant. Projection 
of the point of intersection of the two lines to the left of the 1/V 
axis onto the horizontal axis gives —K;. For these experiments 
the unit of velocity (V) was arbitrarily chosen as: 


V = 0.001 umole of substrate oxidized/30 minutes/3 mg 
of protein 
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Reciprocal plots of the data obtained from one such experiment 
are given in Fig. 8. Extrapolation of the plots in Fig. 8 gives a 
value for K; of 2.0 x 10-5 m. From the figure, the inhibition 
seems to be noncompetitive. 


Occurrence of Long Chain Fatty Acid Peroxidase 


Fresh homogenates of various tissues were assayed for fatty 
acid peroxidase activity. The criteria used were the release of 
CO, from carboxyl]-labeled palmitate in the presence of glucose 
and glucose oxidase, and the inhibition of this reaction by imid- 
azole at 2.5 X 10-° m. 

Mammalian Tissue—Long-Evans strain rats were chosen as a 
representative mammal. The animal was killed by a blow on 
the head, bled, and the liver, kidneys, heart, and quadriceps 
muscles were quickly excised and placed on ice. Each organ 
was washed briefly with cold distilled water, minced with a razor 
blade, and ground by hand in a Potter-Elvehjem homogenizer 
with approximately twice its weight of 0.1 m phosphate buffer, 
pH 7.1, at 0°. An assay of 0.4 ml of each homogenate was 
carried out as described above. 

In no case was any fatty acid peroxidase activity observed. 
The highest rate of oxidation was found in the liver preparation 
(8 per cent per hour), but this oxidation was not inhibited by 
imidazole and thus was attributable to 6-oxidation, known to 
occur in this tissue. 

Higher Plants—Cotyledons of germinating seedlings (5 to 6 
days) of several species of plants were homogenized with 1.5 
times their weight of phosphate buffer, pH 7.2, centrifuged to 
remove cell debris and excess fat, then assayed for fatty acid 
peroxidase activity. 

Good activity was found in safflower (Carthamus tinctorius), 
17 per cent oxidation occurring per hour, which would compare 
with 30 to 40 per cent per hour by a crude peanut preparation. 
This oxidation was inhibited by imidazole. Safflower seeds have 
a high fat content similar to peanuts. No activity was found 
in lupine, soybean, sunflower, or castor beans. 

Extracts of acetone powders of germinated peas oxidize palmi- 
tate at a rate of >60 per cent per hour per 3 mg of protein. 
Partial resolution of this activity with the use of ammonium sul- 
fate precipitation results in a system which is inhibited by imid- 
azole. As yet, no peroxide requirement for the crude or partially 
resolved system has been shown. Lauric acid-1-C™ is oxidized 
at about 10 per cent the rate of palmitate. 

Peanut Mitochondria?@—Stumpf and Barber (4) have shown 
that peanut mitochondria participate in the B-oxidation of fatty 
acids from Cz to Cig with ATP, CoA, DPN+, TPN*+, Mn**, a 
Krebs cycle acid, and glutathione required for maximal activity. 
A subsequent observation that several long chain fatty acids, 
labeled in the carboxyl group, could also undergo a cofactor- 
independent oxidation suggested that the long chain fatty acid 
peroxidase and possibly other a-oxidation enzymes were opera- 
tive in the mitochondria. A series of experiments was designed 
to test for the presence of the a-oxidation scheme and its pos- 
sible relation or interrelation with the conventional B-oxidation 
pathway. The release of C“O, from butyrate-1-C" in the pres- 
ence of 6-oxidation cofactors was used as an index of B-oxidation 
activity of the mitochondria, since fatty acids lower than lauric 
are not oxidized by the a-oxidation system. 

Since the naturally occurring peroxide-generating system for 


2 Stimulation of the microsomal system by ethylenediamine is 
an unpublished finding by Dr. P. A. Castelfranco. 
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fatty acid peroxidase in peanuts seems to be the glycolic acid- 
glycolic oxidase system, the effect of glycolic acid on the oxida- 
tion of palmitate-1-C" by mitochondria was investigated. Stim- 
ulation by glycolic acid in the absence of and depression of 
palmitate-1-C™ oxidation in the presence of the §-oxidation 
cofactors was consistently observed. 

In view of the rather specific inhibition of the fatty acid peroxi- 
dase by imidazole, and the known nonenzymic acyl-group trans- 
fer reactions catalyzed by imidazole, via the reactive acyl-imid- 
azole intermediate (12, 13), the effects of this compound on the 
oxidation of butyrate-1-C" and palmitate-1-C™ by mitochondria 
were investigated. The effects of imidazole on the oxidation of 
these two substrates in the presence and absence of 8-oxidation 
cofactors are shown in Table II. The absence of any inhibitory 
effect of imidazole on the oxidation of butyrate implies: (a) 
imidazole does not penetrate into the mitochondria to the site of 
8-oxidation where it should catalyze the nonenzymic hydrolysis 
of butyryl-AMP, the primary activation product in that scheme 
(14); (b) imidazole may reach the site of B-oxidation, where it 
may, however, then catalyze the nonenzymic transfer of butyry]- 
AMP to CoA, which could be stimulatory. This could account 
for the slightly higher oxidation of butyrate in its presence. 

Under physiological conditions 8-oxidation of fatty acids in 


TABLE II 


Effect of imidazole on oxidation of butyrate-1-C'* and 
palmitate-1-C'* by peanut mitochondria 

The complete reaction mixture contained 10 ymoles of phos- 
phate buffer, pH 7.1, 0.1 umoles of substrate, 1 umole of a-keto- 
glutarate, 1 wmole of MnSO,, 5 wmoles of GSH, 0.15 umole of 
DPN*, 0.13 wmole of TPN*, 0.6 umole of CoA, 1 wmole of ATP, 
0.5 ml of mitochondrial suspension in 0.2 m tris(hydroxymethy])- 
aminomethane 0.4 M sucrose buffer, pH 7.3, with about 0.005 per 
cent 2,3-dimercaptopropanol and 0.2 ml of 20 per cent KOH in 
the center well, 0.3 ml of 10 Nn H2SO, in the side arm, and was 
brought to a final volume in each vessel, with 0.1m KCl. Time 
of incubation, 2 hours; temperature, 25.3°. 











Substrate | Cofactors Imidazole | Per cent oxidation 

a? | pmole 7 
Butyrate-l..... | None | | 
Butyrate-1.. Complete 23 
Butyrate-1.... | Complete 1 30 
Palmitate-1... .| None | 42 
Palmitate-1....| None 1 LA 
Palmitate-1.. | Complete 35 
Palmitate-1 | Complete 1 31 





Tasie III 
Inhibition of butyrate-1-C'* oxidation by palmitate 
Complete reaction mixtures were the same as for Table II ex- 
cept the amounts of palmitate shown were included and butyrate- 
1-C'* served as substrate. 





Unlabeled palmitate added Per cent oxidation 








pmole 

0 24 
0.01 20 
0.05 16 
0.10 13 
0.50 3.9 
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plants depends on intact mitochondrial particles. In addition, 
isolated mitochondria are very unstable with respect to this 
B-oxidation complex. Disruption of mitochondrial integrity re- 
sults in a loss of 6-oxidizing activity of palmitate-1-C™" when 
properly supplemented by cofactors. Several unreported ex- 
periments carried out with mitochondria disrupted by freezing 
and thawing showed the fatty acid peroxidase and aldehyde 
dehydrogenase activities to be unaffected by such treatment. 

An interesting observation was made that butyrate-1-C™ oxi- 
dation was lowered in proportion to the amount of unlabeled pal- 
mitic acid added to the reaction mixture. This is shown in Table 
III. Experiments, although not presented, showed that imid- 
azole does not reverse this inhibition. 

It is apparent from the data presented that the mitochondria 
of germinating peanut cotyledons are capable of carrying out the 
oxidation of long chain fatty acids by two distinct pathways, the 
well known #-route involving carbon 2 cleavage and the proposed 
a-route taking place by successive carbon 1 cleavage. The pres- 
ence of both the fatty acid peroxidase and aldehyde dehydro- 
genase activities is consistent with this conclusion. Whether or 
not these two processes can occur simultaneously cannot be shown 
clearly. Whether the fatty acid peroxidase and aldehyde dehy- 
drogenase activities are structurally associated with the mito- 
chondria or due possibly to aggregated microsomal contamina- 
tion is difficult to determine. This latter possibility was shown 
to be doubtful by an experiment in which ethylenediamine failed 
to stimulate palmitate-1-C™ oxidation by mitochondria, whereas 
microsomes were successfully stimulated.2 Although assessment 
of the relative importance of these two pathways in the intact 
plant does not lend itself to any easy experimental approach and 
can only be speculated about at present, future investigations 
should resolve the relative roles these two systems play in fatty 
acid degradation in plant cells. 


DISCUSSION 


The a-Oxidation Pathway 


The cumulative data obtained from fractionated fresh tissue 
homogenates as well as acetone powder extracts have led to the 
postulation of an a-oxidation pathway in the microsomal, mito- 


RCH,CH,COOH 


RCH>COOH 
DPN* : 
- RCOOH 0, H2O> 
etc 
0 R a 
DPNH RCHO COz 
DPNH : 
—" CO. 
RCH,CHO 


o-OXIDATION OF LONG CHAIN 
FATTY ACIDS 


I Long choin fatty acid peroxidose 
II Aldehyde dehydrogenose 


Fic. 9. The postulated scheme for the a-oxidation of long chain 
fatty acids. 
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chondrial, and supernatant fraction of germinating peanut cotyle- 
dons, by means of which a long chain fatty acid (as high as 
stearic) can be peroxidatively decarboxylated to yield a long 
chain aldehyde with 1 less carbon. The aldehyde is oxidized to 
the corresponding acid by a DPN+-dependent aldehyde dehydro- 
genase, and this acid again goes through the series of reactions 
until an inactive substrate is formed. The net effect is a series 
of successive carbon 1 cleavages of the original substrate, as in- 
dicated in Fig. 9. 

Since the stoichiometry for H.O: participation is lacking, some 
information on the stoichiometry of the oxygen uptake during the 
course of the reaction would be desirable. However, the low 
substrate levels necessary would place such measurements below 
the limit of existing manometric techniques. 

Possible Mechanisms for Peroxidative Decarboxylation Reaction 
—aAlthough examples of coupled oxidations catalyzed by peroxi- 
dases are known in biological systems, the reaction catalyzed by 
the fatty acid peroxidase seems unique as regards substrate and 
products. One likely example of several possible mechanisms 
will be given, assuming the fatty acid peroxidase to be a heme 
type of peroxidase, with a porphyrin-bound iron as the “active 
center” of the enzyme. 

Since the over-all reaction involves a 4-equivalent oxidation, 2 
moles of H,O:2 would be required, assuming it is the sole oxidizing 
agent. 

It may be postulated that the oxidizing species is similar to 
the purple Complex III of Chance (19), formed by Reactions 1 
and 2. The next step would then be a bimolecular electrophilic 
decarboxylation, Reaction 3, which is analogous to the acid- 
catalyzed Sz: mechanism proposed and supported by Brown 
et al. (20). The product of this reaction would be a ferryl-hy- 
droperoxide, which would undergo decomposition via Reaction 
4 to an aldehyde. Such a reaction is supported by the work of 
Edwards (21), who showed that such reactions are generally 
acid-catalyzed and that the O—O bond of the peroxide is broken 
by a concerted mechanism. Since Reaction 3 would probably 
be the rate-determining step, then no effect on the rate of the 
over-all reaction should occur if a fatty acid, labeled in the a 
position with deuterium, were used as substrate. 


Fe,+*+ + H:02: — Fe,—O—OH* + Ht (1) 
Fe,—O—O—H* cad H:0,2 + H+ > Fe,—O,.*t + 2H:O (2) 


H, 
Fe,—O.++ + b_coo- = Fe,t—O—O—CH: + CO: (3) 
b k 
H 
Fe,+ o—o—b_n — Fe,—O + O—CH + H+ (4) 
k R 


a-Oxidation of Long Chain Fatty Acids 


Vol. 234, No. 10 


SUMMARY 


An a-oxidation pathway has been postulated to explain long 
chain fatty acids (from lauric to stearic acids) undergoing a suc- 
cession of carbon 1 cleavages, in contrast to the carbon 2 cleay- 
age of the conventional 8-oxidation pathway. 

The isolated reactions which have been shown are: (a) a peroxi- 
dative decarboxylation of the fatty acid to yield CO: and an 
aldehyde with 1 less carbon atom. This reaction is catalyzed 
by an enzyme which has been named the long chain fatty acid 
peroxidase; (b) a DPN+-linked oxidation of the long chain alde- 
hyde to the corresponding acid, catalyzed by an aldehyde de- 
hydrogenase. 

The enzymes involved are present in the mitochondrial, micro- 
somal, and cytoplasmic fractions of fresh tissue homogenates. 

Substrate specificity of the fatty acid peroxidase does not seem 
to be restricted to those fatty acids with an even number of car- 
bon atoms, nor is it limited to the saturated fatty acids. Studies 
on the kinetics of the decarboxylation indicate a Michaelis con- 
stant for palmitate of the order of 10-5 m. Imidazole inhibits 
the peroxidase noncompetitively. With the exception of 1,2,4- 
triazole, related compounds were found to be relatively inactive. 
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In a recent investigation (1) in these laboratories there was 
reported the separation by gas chromatography of the n-Cis 
fraction of acids from the lipids of tubercle bacillus. The 
unsaturated component of this fraction was established by ozonol- 
ysis as oleic acid, rather than vaccenic acid which has been 
demonstrated in several other microorganisms (2).! In the 
course of separation of the n-Cis fraction from four lots of bac- 
terial cells, tracings were recorded for the gas chromatography. 
These tracings showed the presence of small amounts of three 
acids whose esters exhibited retention times between those for 
palmitic and stearic esters. It was noted (1) that the retention 
times for these bands were consistent with the presence of a 
branched Cy; acid, the normal C,; acid, and a branched C\g acid. 
The present report is concerned with isolation and characteriza- 
tion of these components, as well as others in the range from 14 
to 20 carbon atoms. 

Ester fractions from three lots of virulent strains of tubercle 
bacillus and from two lots of the avirulent strain, H-37Ra, have 
been subjected to gas chromatography. Typical chroma- 
tography tracings may be found illustrated in the earlier publica- 
tion (1). The boiling range of the esters extended from slightly 
below the boiling point of methyl palmitate to a few degrees 
above the boiling point of methyl stearate, except for two frac- 
tions of higher boiling points. The data obtained are assembled 
in Table I. Fractions preceded by I-, II-, and III- are those 
from the virulent strains, and fractions preceded by VI- and VII- 
are the avirulent strains. Fractions IV-1 and V-1 are the higher 
boiling fractions which were obtained from redistillation of com- 
bined lots of esters from several virulent strains. It may be 
noted that the remarkably large number of components, so far 
as may be judged from analysis by gas chromatography, are the 
same in the several lots of lipids, although the ratios between 
the components vary substantially. There are represented 
both branched and normal isomers at each molecular weight 
from the C,; acid to the Cig acid. The tubercle bacillus appears 
to be the only organism in which there has been observed, thus 
far, such a continuous spectrum of acids with both even and 
odd numbers of carbon atoms, both straight and branched chains. 

The amounts of acids above the Ciy range are very much 
smaller than in the range covered in Table I. As has been re- 


* This investigation was supported in part by a research grant 
(No. E-86) from the National Institutes of Health, United States 
Public Health Service. 

t Recipient of a National Science Foundation Faculty Fellow- 
ship, 1958-1959. Present address, Augsburg College, Minneapolis, 
Minnesota. 

1 Compare also earlier papers by Hofmann and coworkers. 


ported previously (3-5), distillation of the ester mixture yields 
relatively small amounts of material boiling in the range 185° 
(3 mm) to 210° (2mm). Above this range occur the interesting 
components with several branches in the chain. Compare 
Cason et al. (7) and references cited therein. The esters in 
Fractions IV-1 and V-1, Table I, represent the total accumulated 
in this boiling range by refractionation of the higher boiling 
components from four lots of lipids (4). Although the quantity 
of material in this molecular weight range is small, the com- 
plexity of the mixture appears to persist. Thus far, the only 
component isolated in this region is n-eicosanoic acid, obtained 
by saponification of its ester which was separated by gas chroma- 
tography from Fraction V-1. 

Since Lot I reported in Table I was a relatively large one, 
which had been separated in rather narrow cuts by fractional 
distillation and redistillation, minor components had been con- 
centrated in fractions of appropriate boiling point so that they 
could be determined with reasonable accuracy by gas chroma- 
tography. For this reason, all the fractions obtained in the 
boiling range 148.5-181° were subjected to gas chromatography 
so that the total content in the distillable esters of each of the 
esters in this range could be determined. Such data are assem- 
bled in Table II. Palmitic acid proves to be about one-third of 
the total, while an additional one-third is accounted for by the 
Cis and Cy acids. As a general trend, the odd-carbon acids are 
present in much smaller amounts than the even-carbon ones, 
and the branched acids in smaller amounts than the normal 
isomers; however, the Cy acids constitute a striking exception 
to this general pattern. Indeed, the most significant difference 
in distribution of acids in Lots II and III appears to be the much 
lower ratio of the n-nonadecanoic acid, and higher ratio of the 
branched Cy acid. This pattern of composition is probably 
responsible for the fact that normal odd-carbon acids were not 
detected in tubercle bacillus before the application of gas chroma- 
tography in the present investigations, while the branched Cy 
acid, tuberculostearic acid, was isolated more than 25 years ago 
(8, 9) and has been well established by synthesis (10, 11) as 
p( —)-10-methyloctadecanoic acid. 

Since the normal Cis fraction has previously been shown to 
consist of stearic and oleic acids (1, 3), and palmitic acid has been 
demonstrated repeatedly in the lipids of tubercle bacillus, the 
only even-carbon normal acid isolated and examined in the 
present work was n-eicosanoic acid, which has not been reported 
previously. Retention times in gas chromatography of the 
methyl esters of both even- and odd-carbon normal acids were 
coincident with those of authentic samples. The odd-carbon 
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TABLE I 
Distribution of fatty acids in Ci, to Cig range from lipids of tubercle bacillus 
Tracings from gas chromatography were obtained by injection of 20 to 50 ul of the acid esters, which had been previously subjected 


to fractional distillation, into a 3-m X 15-mm (outside diameter) Pyrex glass column. 
Origins of the fractions investigated are as follows: 

Fractions preceded by I- are reported under the same fraction numbers in Fig. 1 of (3). 
Fractions preceded by III- are described in Table II of (4). 


in the range 240-280°. 


Table I of (4). 
Fig. 2, Profile 1, of (4). 





Fraction V-1 is the lower boiling material described in Table III of (4). 


Temperatures used for chromatography were 


Fractions preceded by II- are described in 
Fraction IV-1 is the lower boiling material reported in 
Fractions preceded by VI- are from 





strain H-37Ra, as described in Table II of (5). Fraction VII-3 is also from a lot of strain H-37Ra, as described in Table I of (5). 








Area under chromatography bands® 

















Fraction No. | BOUGDy™ | Mission’ |<] lone 
| a-Cu | n-Cia "=. = | n-Cis | 
°C. 4 | | 
1-2 | 148.5-152.5| 0.24 | 0.7 | 28 42 | 
1-3 | 152.5-155 0.39 | 0.5 | 3 1 30 | 
1-4 | _155-155.5 | 1.16 | | 0.5 3.5 | 
1-5 | 155.5-156 2.10 | $4 
1-6 | 156-156.5| 4.67 | 4 
1-7 | 156.5-171 0.54 | | 
8 | 171-173 0.80 
1-9 | 173-175 1.12 | 
1-10 | 175-177 1.87% | 
I-11 | 177-180 | 1.98 | | | 
1-12 | 180-181 2.92 
II-2 | 163-168 0.39 0.5 0.5 > | 
I1-3¢ 168-175 0.10 
11-4 175-181 0.82 
III-2 160-173 0.18 0.5 | 1.5| <0.5 | 2 
III-3 173-184 0.72 1 1 
IV-1 | 162-205 1.5 
V-1 | 183-205 0.5 
VI6 | 157-161 0.45 1 
VI-7 | 161-169 | 0.06 1 
VI-8 | 169-174 0.54 1 
VII-3 | 169-174.5| 0.48 5 




















ae es «Cu —— oCu os ats | Branched | aCe 
| | 
25 Ci 
1 | 65 
88 3 3 
93 | 3 1 
3 s9 | 2 2 
(16 | 15 | 55 2 12 | | 
1a | 4 | 40 4 5 | 1 | 
| 0.4] 0.2 | 24 | 24 41 | 10 | 
0.6 | 3 59 37 
32 68 | 
8 | 92 
|70 | 4 10 1 9 Bs 
|33 | <2 16 <2 48 | 7 | 
(9 | | 5 50 | 36 | 
<0.5 |68 | 10 | 14 <0.5 3 | | 
111 | 5 | 16 44 21 3 
2.5 | 2 27 55 | 34 
2 2 3 22 5e 
| 85 3 9 2 
\7 | 8 1 3 | 
}26 | 6 31 | 38 26 | 5 
(30 | 7 23 | 31 











* Values are given as % of total area. Weight % of components may be slightly more favorable to the higher molecular weight 
compounds (cf. (6)); however, the molecular weight range represented in this table and the precision of the measurements are not 


sufficient to justify application of such a correction. 


» The first portion of this fraction yielded a tracing in which about one-fourth of the area was under bands of very short retention 
time (presumably material which had distilled azeotropically); so only three-fourths of the weight of that material appears in the 
table, and total area under bands of the longer retention times was used for calculation (cf. (1), Table I). 


¢ Data for this fraction were taken from (1). 


4 This fraction also contained 10% of acids with more than 19 carbon atoms. 
¢ This fraction also contained 67% of acids with more than 19 carbon atoms. 


acids were isolated by saponification of samples of the esters, 
separated from favorable fractions by gas chromatography. 
These acids were compared directly with authentic samples. 

A sample of the branched chain Cy acid was isolated from the 
appropriate cut from chromatography of Fraction IV-1 and 
subjected to degradation in order to determine whether this 
composite sample, from four lots of virulent strains of the bacillus, 
would contain other branched acids besides tuberculostearic 
acid. The degradative method which was employed consisted 
of oxidation with chromic acid in glacial acetic acid, a procedure 
which has recently been developed in these laboratories (12) 
for effective application to samples of 10 mg or less. Products 
that would result from cleavage of 10-methyloctadecanoic acid 
at the branch are: 2-decanone and azelaic acid from cleavage at 
the 9,10-bond; octanoic acid and 10-oxohendecanoic acid from 
cleavage at the 10,11-bond. These cleavage products were 


detected in each of several oxidations, and others were not 
detected; hence, it may be concluded that 10-methyloctadecanoic 
acid is the only branched Cy acid elaborated in significant quan- 
tities by any of the four lots of bacteria represented in the com- 
posite material. Gas chromatography was used to detect the 
cleavage products, and representative recorder tracings are 
included in Fig. 1, in addition to tracings from known compounds 
which were chromatographed sequentially. In Tracing II, 
from methyl esters of the degradation acids, there occur minor 
bands between 2 and 5 minutes, from lower homologues of the 
primary degradation product giving the major band at 6.7 min- 
utes. This is the normal observation (12) and these were the 
only bands detected besides the major bands from the primary 
degradation products. Absence of bands other than that from 


2-decanone in the chromatography of neutral degradation 
products is especially significant since bands from secondary 
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degradation products have not been observed (12) and such 
bands are probably not possible; further degradation of the 
ketone yields acidic products. 

A sample of the branched Cis acid from Fraction I-9 was also 
isolated and subjected to chromic acid degradation. Major 
bands in chromatography of the degradation products corre- 
sponded to a Cy ketone, azelaic acid, heptanoic acid, and 10- 
oxohendecanoie acid. Thus, the branched Cs acid is shown to 
be 10-methylheptadecanoic acid. It is of interest that both the 
branched Cis acid and branched Cy acid have the substituent 
methyl group in the same relation to the carboxy] group rather 
than to the other end of the chain. This suggests that if the 
chain is built up from increments of small units, the lengthening 
process is limited by a fixed distance from branching methyl to 
carboxyl. 

The branched C;; acid was also subjected to oxidative degrada- 
tion; however, the sample investigated was a combined lot 
isolated in part from virulent strains and in part from the aviru- 
lent strain, whereas the branched Cis and Cy acids were isolated 
from virulent strains. This composite sample of C,; acid proved 
to contain about 35% of a nonconjugated unsaturated acid. 
Oxidative degradation of the mixture containing the unsaturated 
acid, as well as the product obtained after hydrogenation, yielded 
degradation products showing extremely complex chroma- 
tography tracings. Branching methyl was indicated in positions 
8, 10, and 13, if it be assumed there is only one branch per com- 
ponent acid. Further examination of the branched C;; acid is 
being deferred for future investigation in which there will be 
attempted the separate isolation of this and other branched 
components from the avirulent strain. The readily interpreted 
degradation patterns from the branched Cis and Cy acids from 
virulent strains is in such marked contrast to the complex pat- 


TaBLe II 

Distribution of acids in Cy, to Ciy range from lipids of human strain 
of tubercle bacillus 

Data in this table were calculated from the compositions shown 

in Table I for the fractions from Lot I. Total weight of distilled 

esters in this lot was 23 g (3). 














Component acid | Total weight* | % 
n-Cy, 86 0.35 
Branched Ci; 13.5 | 0.06 
n-Cis5 510 2.2 
Branched Ci¢ | 175 | 0.75 
n-Cis 7540 | 32.7 
Branched Ci; | 305 LZ 
n-Ci7 | 1100 4.8 
Branched Cis 310 1.3 
n-Cis | 2680 11.6 
Branched Ci, | 2400 10.5 
n-Cis | 2680 11.6 
Total Cy, to Cis acids | 17.88 77.5 








* The total material observed below the n-C,, range was only 
3.5 mg; however, there was also obtained in the original distilla- 
tion 0.34 g of material boiling below 148.5° and not further exam- 
ined in the present investigation. Weights in the table are those 
of the methyl esters, which were the derivatives that were dis- 
tilled and chromatographed. 
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Fic. 1. Recorder tracings from gas chromatography of known 
compounds and of degradation products from oxidation of the 
branched Ci, acid. Curves I and II were recorded at 205°, III 
and JV at 165°. The initial off-scale band in each tracing is due 
to the ether or benzene used as solvent. Curve I, injection in 
benzene solution of a mixture of 25 ug of methyl octanoate, 25 ug 
of dimethyl azelate, and 20 wg of methyl 10-oxohendecanoate. 
Curve II, injection in ether solution of the esters of one-half the 
acids obtained from oxidation of 4.7 mg of the branched Cj acid; 
retention times for the major peaks are 1.8 minutes (octanoate), 
6.7 minutes (azelate), and 9.1 minutes (keto ester). Curve III, 
injection in ether solution of 20 ug each of 5-nonanone and 2- 
undecanone; retention times, 3.3 and 9.1 minutes. A semilog 
plot (12) of these retention times yields for decanone a time of 
5.5 minutes; however, retention times for isomeric straight-chain 
alkanones become slightly shorter as the keto group is moved 
towards the center of the chain. Curve IV, injection in ether solu- 
tion of 80% of the neutral material from the same degradation 
yielding esters shown in Curve II; retention time of single peak, 
5.9 minutes. 


tern from the branched Cy; acid that an investigation of the 
acids from the avirulent strain seems in order. There has al- 
ready been observed (5) a profound difference in the higher 
molecular weight acids from virulent and avirulent strains. 


EXPERIMENTAL 


Gas Phase Chromatography—This was carried out as has been 
described in earlier publications (1, 12), with the use of high 
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vacuum silicone grease as partitioning agent. The rather large 
column specified in Table I was used for separation of fractions 
for further examination. Maximum capacity for a single band 
in this column, without overloading, was about 25 mg. In 
instances where a minor component between two closely spaced 
major components was being isolated, e.g. a branched-chain 
acid, a fraction was collected as the “‘valley’’ between the large 
“peaks”? was appearing on the recorder. Such a fraction, com- 
bined from several injections, would then be rechromatographed 
in order to separate the minor component from the edges of the 
large bands. In some instances, the minor bands could not be 
observed in the original chromatography but were clearly visible 
when accumulated material was rechromatographed. 

For analytical detection of degradation products from chromic 
acid oxidation, a Pyrex glass column (8 mm outer diameter, 
either 1.5 or 2 meters in length) was used. 

Oxidation of Branched Acids with Chromic Acid—Chromic acid 
oxidation in glacial acetic acid was carried out according to the 
method (12) whose scope and limitations have been examined 
in some detail. 

Pentadecanoic Acid—From Fraction I-3, Table I, 58.4 mg of 
ester were separated from the cut whose retention time corre- 
sponded to methyl pentadecanoate. After saponification in 
methanolic potassium hydroxide and extraction of any neutral 
material from the salt, 42 mg of crystalline acid were isolated; 
m.p., 51.0-51.7°. After one crystallization from methanol- 
water, the melting point was 52.3-52.7°. Melting point of a 
mixture with authentic pentadecanoic acid (m.p., 51.3-52.2°) 
was 51.5-52.4°. Tetradecanoic acid (myristic acid) melts only 
slightly above pentadecanoic acid; however, this alternate 
possibility is eliminated by the retention time of the ester in gas 
chromatography. An iso acid (acid with the isopropyl end 
group) has a melting point nearly identical with that of the 
normal isomer; however, there is a large melting point depression 
in a mixture of an iso acid with the normal isomer (13). 

Heptadecanoic Acid—The ester of this acid was separated from 
Fraction I-8, Table I. The acid, after crystallization from 
methanol-water, had a melting point of 61.1-61.4°. The mixture 
with authentic heptadecanoic acid (m.p., 61.1-61.6°) had a 
melting point of 61.0-61.4°. This acid was subjected to the 
Kuhn-Roth analysis for terminal methyl, and 4.3% methyl was 
found (theory for one methyl group, 5.3%). 

Nonadecanoic Acid—A 15-mg sample of the ester was isolated 
from Fraction IV-1, Table I, and saponified to yield the acid 
which, after crystallization from methanol, had a melting point 
of 66.8-67.7°. The mixture with authentic nonadecanoic acid 
(m.p., 67.3-67.8°) had a melting point of 66.8-67.7°. 

Eicosanoic Acid—The ester was isolated from Fraction V-1, 
Table I. The acid, obtained by saponification of an 18-mg 
sample and crystallized from methanol-water, had a melting 
point of 73.5-74.2°; reported (13) melting point for this acid, 75°. 

10-Methyloctadecanoic Acid—From three injections in gas 
chromatography of Fraction IV-1, Table I, 67 mg of the ester of 
the branched Cig acid were collected. Rechromatography of a 
sample of this ester at 240° showed >95% of the material in a 
band with retention time of 60 minutes (as compared to 52 min- 
utes for stearate and 71 minutes for n-nonadecanoate). 

Five samples of this ester were oxidized with chromic acid, 
according to the procedure described elsewhere (12), with con- 
sistent results. The recorder tracings from degradation products 
shown in Fig. 1 were obtained by oxidation of 4.7 mg of the ester 
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with 9.4 mg of chromic anhydride (CrO;) dissolved in 0.5 ml of 
glacial acetic acid. 

10-Methylheptadecanoic Acid—The ester was isolated from 
Fraction I-7 and Fraction I-9, Table I. Oxidation was by the 
same procedure (12) as used for the Cy acid. Chromatography 
of degradation products gave tracings similar to those illustrated 
in Fig. 1, except that the ketone and monobasic ester had reten- 
tion times corresponding to one less carbon atom. 

Branched C;; Acid—A total of 45.5 mg of ester was obtained 
by rechromatographing the cuts between the normal Cis and Cy, 
bands from the following fractions: I-7, I1-2, I1I-2, III-3, VI-6, 
VI-8, and VII-3 (latter three fractions from the avirulent strain). 

Kuhn-Roth analysis for terminal methyl gave a value of 9.4% 
methyl (theory for two methyl groups, 10.5%); therefore one 
branch in the chain is indicated. 

Quantitative hydrogenation of a 7.2-mg sample of ester over 
platinum catalyst in glacial acetic acid gave consumption of 33% 
of 1 mole of hydrogen per mole of ester. Ultraviolet absorption 
at 200 my gave a molar extinction coefficient of 1280, whereas 
a sample of synthetic methyl 11-(and 12-)-octadecenoate ex- 
hibited a molar extinction coefficient at this wave length of 2800. 
Methyl] palmitate, run as control, showed an extinction coeffi- 
cient of 175 and the hydrogenated branched ester showed 320. 
Thus, the hydrogenation data and ultraviolet absorption are in 
reasonable agreement and indicate that the branched ester con- 
tains about 35% of a nonconjugated unsaturated acid. 

Chromic acid oxidation, as carried out for the Cig and Cy 
esters, gave similar results for the unsaturated material and for 
the hydrogenated material; however, recorder tracings from 
chromatography of the degradation products showed so many 
bands that reliable interpretation was difficult. Of the total 
area under all bands in chromatography of the esters from deg- 
radation (average of two runs), 45% was in the azelate band 
and 26% in the pimelate band, whereas the next largest band 
was 14%. Thus, branches at positions 8 and 10 seem definitely 
indicated. There were also observable bands for the correspond- 
ing ketones, octanone and decanone; however, these bands were 
quite weak. Chromatography at low temperature (85°) gave 
dominant bands for both propionate and pentanone; so there 
appears to be no uncertainty about the 2-pentyl (1-methylbuty]) 
end-group. Reliable interpretation of bands ascribable to esters 
of monobasic acids or keto acids was not possible. In view of 
the narrow band collected in gas chromatography and the value 
observed in Kuhn-Roth analysis, it seems probable that each 
position of branching occurs in a different acid; however, the 
Kuhn-Roth analysis is sufficiently high to allow a significant 
content of an acid with two branches in the chain. 

Further investigation of this. material is deferred until sep- 
arate isolations from virulent and avirulent strains may be 
made. 


SUMMARY 


Esters of acids in the Cy, to Cy range, from five lots of tubercle 
bacillus, have been analyzed by use of gas chromatography, and 
certain fractions have been separated and examined. Three 


lots of virulent strains of the organism and two lots of an aviru- 
lent strain were represented. 

The pattern of acids in the several lots of lipids was found to 
be quite similar qualitatively, but to differ quantitatively. 
There were present each normal fatty acid from Ci, to Cis, also 
a branched isomer at each molecular weight above C,,; therefore, 
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a total of eleven acids was detected in this narrow molecular 
weight range. A similar pattern probably continues for the 
much smaller amount of acids in the Coo and Cu range. 

For one lot of lipids, all fractions in the range examined were 
chromatographed so that the percentage content of the various 
acids could be calculated. One-third of the total distillable 
acids was palmitic acid; an additional one-third was at the 
Cis and Cy range. The only branched acid present in amount 
greater than about 1% was the branched Cy acid, present in 
about 10% quantity. 

The branched Cy acid from a fraction of material combined 
from four lots of virulent strains of the organism was degraded 
by chromic acid oxidation, and only the previously charac- 
terized 10-methyloctadecanoic acid (tuberculostearic acid) was 
found present. A sample of the branched Cis acid from a 
virulent strain was also degraded and characterized as 10-methyl- 
heptadecanoic acid. 

A sample of branched C,; acid, combined from virulent and 
avirulent strains, was degraded by chromic acid oxidation. The 
degradation products did not indicate a single isomer; acids with 
branches in at least three positions were indicated. Subsequent 
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work will be directed towards such acids isolated separately from 
virulent and avirulent strains. 
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Although some few years ago the occurrence of chlorine-con- 
taining natural products was considered a rarity, the increasing 
number of isolable, chlorine-containing metabolites indicates the 
diverse biological utilization of the chloride ion. This is es- 
pecially true in the microbial utilization of chloride ion with the 
formation of a large number of compounds some of which possess 
striking biological activity in the antibiotic field (2-5). 

The biosynthetic mechanisms which lead to the incorporation 
of halogen atoms into organic compounds are not known. It 
would appear to be of general interest to seek an answer to this 
fundamental problem since the solution could have implications 
with respect to the function, metabolism, and production of 
these compounds. 

Caldariomyces fumago was selected as the organism of choice 
for the initial studies on biological chlorination because Clutter- 
buck et al. (6) reported the synthesis of rather large amounts of 
a chlorine-containing compound, tentatively identified as 2,2- 
dichloro-1 ,3-cyclopentanediol, by this organism. This com- 
pound was assigned the trivial name caldariomycin by these 
workers (6). In contrast to the complexity of structure of most 
chlorine-containing natural products, the relative structural 
simplicity of caldariomycin indicated that C. fumago offered 
several advantages for an experimental approach to the mech- 
anism of biological chlorination. 

A preliminary communication from this laboratory reported 
the synthesis of 6-chlorolevulinic acid from 6-ketoadipic acid and 
chloride ion catalyzed by an enzyme preparation obtained from 
C. fumago (1). This paper details these experimental observa- 
tions and establishes the identity of the chlorine-containing 
product. In addition it is shown that growing cultures of 
C. fumago convert the chlorine atom (Cl**) of 6-chlorolevulinic 
acid to a chlorine atom of caldariomycin without mixing with 
inorganic chloride. 


METHODS AND MATERIALS 


B-Ketoadipic acid was a commercial product obtained from 
Sigma Chemical Company. Radioactive chloride was obtained 
from the Oak Ridge National Laboratories as a dilute solution of 


* This work was supported in part by a grant (No. G6463) from 
the National Science Foundation. The first paper in this series 
has appeared (1). 

+ Postdoctorate Research Fellow of the National Institute of 
Allergy and Infectious Diseases, United States Public Health 
Service. 

t Predoctoral Research Fellow of the National Institute of 
Allergy and Infectious Diseases, United States Public Health 
Service. 


hydrochloric acid and was converted to potassium chloride. 
Amino acids were obtained from the Nutritional Biochemical 
Corporation. 

All radioactivity determinations were made in a gas flow 
counter with a thin end window. All samples when plated 
weighed 2 mg or less so that no correction for self-absorption 
was necessary. 


EXPERIMENTAL 


Growth of Caldariomyces fumago—Stock cultures of C. fumago, 
strain Ag 92,' were carried on oatmeal agar slants with monthly 
transfer. Inoculum was prepared by seeding stock culture 
spores onto oatmeal agar slants prepared in 8-oz bottles. After 
7 to 10 days of incubation, the heavy mycelial growth from the 
large slants was suspended in sterile, distilled water (100 ml of 
water per slant) and homogenized under sterile conditions in a 
Waring Blendor for 1 minute. Five ml of the resultant slurry 
were used to inoculate 350 ml of the modified Czapek-Dox me- 
dium employed by Clutterbuck et al. (6). Usually 35 liters of 
growth medium (100 one-liter Erlenmeyer flasks containing 350 
ml each) were prepared and grown at one time. After incuba- 
tion of the flasks for 1 month at room temperature, the mycelial 
mats were separated from the culture fluid by straining through 
cheesecloth and stored in a freezer. The total yield of mycelium 
from 35 liters of medium was approximately 2 kg. 

Preparation of Acetone-dried Mycelial Powders—After thaw- 
ing, 100-gm portions of the moist mycelium were suspended in 50 
ml of distilled water and homogenized for 3 to 5 minutes ina 
Servall Omni-Mixer. The mycelial homogenate was then mixed 
into 2 liters of acetone (at room temperature) with vigorous 
stirring. The precipitate was allowed to settle, and most of the 
acetone was removed by decantation. The remainder of the 
acetone was removed by vacuum filtration, the powder washed 
once with 500 ml of acetone, and finally with 250 ml of diethyl 
ether. The yield of acetone dried powder was 10% of the moist 
mycelial weight. 

Synthesis of 6-Chlorolevulinic Acid—Dimethyl-8-ketoadipate 
was prepared by the addition of 100 mmoles of diazomethane in 
500 ml of ether to a slurry of 3.2 g (20 mmoles) of 8-ketoadipic 
acid in 250 ml of ether. The mixture was allowed to stand at 
room temperature until the evolution of nitrogen had stopped 
(approximately 2 hours), and the excess diazomethane was re- 


1 Obtained from Mr. G. Smith, London School of Hygiene and 
Tropical Medicine, University of London, England. We are in- 
debted to Professor D. Gottlieb, University of Illinois, for advice 
on the method of growing this organism. 
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moved by evaporation of the solution on a steam bath under 
nitrogen. The ether solution was filtered to remove a trace of 
insoluble material and then evaporated to dryness to give a 
light yellow oil weighing 3.58 g. This product was used for 
further reactions without purification. 

The dimethy]-8-ketoadipate was chlorinated according to the 
method of Allihn for the chlorination of ethylacetoacetate (7). 
Dimethy]-8-ketoadipate (3.58 g) was cooled in an ice bath, and 
2.57 g (119 mmoles) of sulfuryl chloride added over a period of 1 
hour with stirring. The mixture was allowed to stand at room 
temperature overnight then dissolved in 50 ml of ether. The 
ether solution was washed with 2 equal volumes of water, dried 
over anhydrous magnesium sulfate, and evaporated to dryness. 
The oily residue weighed 4.07 g. The dimethyl-a-chloro-S- 
ketoadipate was hydrolyzed and decarboxylated by suspending 
the oil (300 mg) in 1 ml of 7 n sulfuric acid and heating the mix- 
ture in a boiling water bath with occasional vigorous shaking 
until the evolution of carbon dioxide had stopped (usually 45 to 
60 minutes). The mixture was extracted with ether and the 
ether phase then extracted with a saturated solution of sodium 
bicarbonate. The aqueous sodium bicarbonate phase was then 
acidified to pH 1 with 7 N sulfuric acid and extracted with ether. 
The ether solution was dried over anhydrous magnesium sulfate, 
the mixture filtered, and the ether evaporated to dryness. The 
product, 5-chlorolevulinic acid, crystallized on cooling (178 mg., 
78% over-all yield). A portion of this material was repeatedly 
recrystallized for microanalysis; m.p., 73-73.5° (uncorrected) (8). 


C;H,0;C1(150.56) 


Calculated: C 39.88, H 4.69, Cl 23.55 
Found: C 39.92, H 4.60, Cl 23.43 


RESULTS AND DISCUSSION 


Initial studies with resting mycelial preparations of C. fumago 
indicated that these preparations were capable of catalyzing the 
conversion of radioactive Cl** into an ether-extractable organic 
form and that a number of metabolic intermediates stimulated 
this conversion. Table I, Column 2, summarizes the results 
from a series of experiments with resting mycelial preparations. 
The first compounds to be tested for stimulating activity, e.g. 
8-ketoadipic acid and succinic acid, were selected because of a 
possible precursor relationship to caldariomycin. Later, the 
series of compounds was expanded to include a variety of amino 
acids, common intermediary metabolites, and B-keto acids. The 
results of these tests fell into a pattern indicating that B-keto- 
adipic acid was probably the primary stimulating agent. In the 
first place, 6-ketoadipic acid was the most active stimulating 
agent, and secondly most of the other compounds which caused 
a marked stimulation, i.e. phenylalanine and tyrosine have been 
shown to be degraded to 8-ketoadipic acid in microbial systems. 

Assay of Acetone-dried Mycelial Powders—The specificity of 
the enzymatic chlorination reaction for B-ketoadipic acid became 
apparent when acetone-dried mycelial powders were used as the 
enzyme source rather than resting mycelial preparations. These 
results are summarized in Column 4, Table I. In this assay 
system the aromatic amino acids, phenylalanine and tyrosine, 
have lost the ability to stimulate Cl** incorporation with the 
acetone powder. {-Keto acids, related structurally to -keto- 
adipic acid, likewise show insignificant activity. Levulinic acid 
was inactive with the mycelial powders whereas it was an active 
stimulator of Cl** incorporation with the resting mycelium. 
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Effect of various compounds on conversion of chloride ion (KCI**) 
to organically bonded chlorine 

The incubation mixture contained 500 umoles of potassium 
phosphate buffer, pH 4.8, 10 wmoles of radioactive potassium 
chloride (KCIl**) at a specific activity of 10,900 c.p.m. per umole, 
1.0 g of mycelium or 100 mg of acetone-dried mycelial powder 
plus 100 umole amounts of the additions listed below, in a volume 
of 5ml. After 2 hours of incubation under aerobic conditions at 
30° the flasks were acidified by the addition of 2.0 ml of 7 n sul- 
furic acid and extracted twice with 2 volumes of diethyl ether. 
The ether extract was dried over anhydrous magnesium sulfate, 
concentrated to a small volume on the steam bath, plated, and 
counted. 





Cl** incorporation 
Compound added 





| 














Resting mycelium | Mycelial powders 
C.p.m mumoles c.p.m. mumoles 
AS Ee ey eee” 180 16 41 4 
8-Ketoadipic acid.........| 1,323 121 | 828 76 
Levulinic acid........... 610 58 7 0 
pu-Phenylalanine........ 600 55 0 0 
Oxalacetic acid... ... 3 | 491 45 90 ~ 
= | Sper 485 44 | 20 2 
L-Leucine.... : 395 36 0 0 
Fumaric acid......... | 379 3 | 2 3 
Malonie acid. ..... Sead 294 7. i 78 7 
Succinic acid..... ike 17% | 16 | 61 6 
Adipiec acid........... 171 | 16 | 69 6 
pL-Aspartic acid 160 15 | yy 2 
Acetoacetic acid 148 14 ia 
pu-Glutamic acid... . 18 | ll 0 | oO 
Catechol. ........ | @| 6 20 | 2 
pL-Tryptophane 58 5 14 1 
L-Cysteine. .. 0 0 14 1 
Ascorbic acid 0 | 0 0 | 0 
B-Ketoadipic acid with 
boiled enzyme control 0 0 0 | 0 


Characterization of Radioactive Chlorine-containing Product 
No attempt was made to identify the chlorine-containing prod- 
ucts formed from the resting mycelial preparations. A cursory 
examination of the nature of the radioactive products formed re- 
vealed that a chlorine-containing acid (or acids) was the major 
product with neutral chlorine-containing material representing 
about 5% of the total Cl** incorporation. 

In the case of the product from the acetone-dried powder in- 
cubation, only a single acidic, chlorine-containing product was 
found. Large scale incubations for 6 hours with 1 g of acetone 
powder, 0.9 we of KCI**, and 1 mmole of 8-ketoadipic acid in 
50 ml of 0.1 m potassium phosphate buffer, pH 6.0, allowed the 
ether extraction (after acidification) of approximately 1.5 mg of 
the unknown acid contaminated with small amounts of levulinic 
acid and relatively large amounts of 6-ketoadipic acid. The 
following experiments were performed on aliquots of this ma- 
terial. 

Chromatography on Dowex 1-formate—The elution pattern of 
the chlorine-containing acid, 6-ketoadipic acid mixture from a 
Dowex 1-formate column is given in Fig. 1. The unknown acid 
was eluted at considerably lower concentrations of ammonium 
formate than was 6-ketoadipic acid. This result indicated that 
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Fig. 1. The chromatography of 8-ketoadipic acid and the unknown chlorine-containing acid on Dowex 1-formate. 


An incuba- 


tion reaction using mycelial powders as the enzyme source and §-ketoadipate plus the other components as listed in Table I but 


scaled up 10-fold was incubated for 6 hours at 30° under aerobic conditions. 


three times with diethyl ether. 


The incubation reaction was acidified and extracted 


The ether solution was evaporated to dryness to yield a mixture of solids containing approxi- 


mately 82,000 c.p.m. of the unknown, radioactive chlorine-containing acid, 110 mg of 8-ketoadipic acid, and a small amount of 


levulinic acid. An aliquot of this material (5,300 c.p.m.) was chromatographed over 10 g of Dowex 1-X8, formate phase. 


ml fractions were collected at 12-minute intervals. 


ammonium formate were added to the reservoir. 
ber and 1 Mm ammonium formate in the reservoir. 
(@——®@) and the §-ketoadipate concentrations (O 
(9) procedure for total hydrazones. 





Taste II 

Acid stability and base lability of organically bonded chlorine 

Aliquots of the unknown Cl**-containing acid were isolated 
from the reaction mixture described in Fig. 1, and dissolved in 
0.5 ml of water, 0.5 ml of 1 N sulfuric acid, and 0.5 ml of 1 N so- 
dium hydroxide. The mixtures were allowed to stand at room 
temperature for 4 hours. All solutions were then adjusted to pH 
1 and immediately extracted twice with 3 volumes of ether. The 
ether extracts were dried over anhydrous magnesium sulfate, 
evaporated, and counted. 








Solvent Ether extractable, organically 








bonded chlorine 
| 
| c.p.m. 
els in a ae eg ag 197 
1 N sulfuric acid...... oieracmnue di Tr 217 
1 nN sodium hydroxide................ 0 





the chlorine-containing unknown was a weaker acid than 6-keto- 
adipic acid. 

Acid Stability and Base Lability of Chlorine-containing Acid— 
The organically bonded Cl** in the chlorine-containing acid was 
stable to 1 N sulfuric acid for 4 hours at room temperature but 
labile to 1 N sodium hydroxide under the same conditions. These 
results are summarized in Table II. 

The observation that the unknown chlorine-containing acid 
was a weaker acid than 6-ketoadipic acid suggested that it was 
a decarboxylation product of 8-ketoadipic acid. The fact that 


the chlorine was stable to weak acid but labile to weak base 


Five- 


The column was eluted with an initial gradient consisting of 100 ml of water in 
the mixing chamber and 100 ml of 0.25 m ammonium formate in the reservoir. 


After Fraction 12, an additional 100 ml of 0.5 m 


At Fraction 24, 100 ml of 0.6m ammonium formate were placed in the mixing cham- 
Radioactivity measurements were made on 0.5-ml aliquots of each fraction 
©) were estimated on 1-ml aliquots according to the Friedman and Haugen 


further indicated that the chlorine was situated on a carbon atom 
a to the ketone function. Assuming a 6 decarboxylation, these 
considerations limited the possibilities to either 6-chlorolevulinic 
acid or 8-chlorolevulinic acid. 

Comparison of Synthetic and Enzymatically Formed 6-Chloro- 
levulinic Acid—The radioactive, chlorine-containing acid from 
the large scale incubation reaction was partially separated from 
8-ketoadipic acid by chromatography of the ether extract on 
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Crystallization of radioactive unknown with synthetic 
5-chlorolevulinic acid 
Synthetic 6-chlorolevulinic acid (24.74 mg) was added to a par- 
tially purified preparation of the unknown, radioactive, chlorine- 
containing acid (24,000 + 1,000 e.p.m.). The 6-chlorolevulinic 
acid-unknown acid mixture was then repeatedly crystallized from 
ahexane-ethersolution. Assuming the unknown acid to be 6-chlo- 
rolevulinic acid, the theoretical specific activity of the resulting 
crystals would be 960 + 50 c.p.m. per mg. 





6-Chlorolevulinic acid 








Crystallization FS IR BSH a 
= Radioactivity |Specific activity 
mg , c.p.m. | epee lang 
First Rn akan Carts aa ee 18.54 14,280 770 
OS See 9.41 | 9,560 1016 
.. . ere reer, 2.46 2,660 1081 
Rens aanerane Pee rp were 0.42 | 429 1021 
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Fig. 2. The chromatography of synthetic 6-chlorolevulinic acid and the enzymatically synthesized, radioactive 6-chlorolevulinic 
acid on silicic acid. An aliquot of the ether extract from the incubation reaction described in Fig. 1 was chromatographed on a 


silicie acid column. 


The partially purified radioactive acid (51,500 c.p.m. in 20 mg) obtained in this manner was combined with 47 


mg of 6-chlorolevulinic acid and rechromatographed on 14 g of silicic acid. The column was eluted first with 75 ml of dried, re- 
distilled chloroform and then with varying concentrations of methanol in chloroform. Fractions of 1.1 ml were collected at a 


flow rate of 1.0 ml per minute. 
umes of 2% methanol had passed through the column. 


silicic acid. This partially purified material was dissolved with 
synthetic 6-chlorolevulinic acid in ether and repeatedly crystal- 
lized from a hexane-ether solution. The results in Table III 
show that after the second crystallization, the crystals of syn- 
thetic and natural 6-chlorolevulinic acid reach the theoretical 
constant specific activity, thereby demonstrating the equivalence 
of the natural and synthetic materials. 

In addition to crystallization, the mixture of the partially 
purified radioactive, natural 6-chlorolevulinic acid and the non- 
radioactive synthetic 6-chlorolevulinic acid was chromatographed 
ona silicic acid column. The elution pattern presented in Fig. 2 
plots the weight and radioactivity eluted from the column. The 
parallelism between these curves in the major peak substantiates 
the crystallization data and again indicates that the natural 
compound and the synthetic 6-chlorolevulinic acid are identical. 
The radioactive, enzymatically formed and synthetic 6-chloro- 
levulinic acids were also chromatographed on paper in several 
solvent systems. In all cases the compounds were indistinguish- 
able from each other. Typical Ry values for 6-chlorolevulinic 
acid were: 0.60 in ethanol-ammonia-water, 85:5:15, and 0.79 in 
tert-butanol-acetic acid-water 2:2:1. 

6-Chlorolevulinic Acid as Intermediate in Caldariomycin Bio- 
synthesis—The incubation of Cl**-labeled 6-chlorolevulinic acid 
(172,000 c.p.m.) with growing cultures of C. fumago, which were 
actively synthesizing caldariomycin from glucose and inorganic 
chloride, yielded an 8% conversion of the Cl** of 5-chlorolevulinic 
acid to a chlorine atom of caldariomycin (13,250 c.p.m.) in a 
2-week growth period. The specific radioactivity of the inor- 
ganic chloride was 3.5 c.p.m. per umole at the completion of the 
growth experiment. This was considerably lower than the spe- 
cific radioactivity of the caldariomycin which was 59.5 c.p.m. 
per umole. This observation eliminates the possibility that the 


The radioactivity (@——@) and weight (O——-O) were eluted after approximately 2 holdup vol- 


radioactive 6-chlorolevulinic acid incorporation proceeded via 
hydrolysis to chloride ion (with subsequent mixing with chloride 
ion in solution) and shows that the chlorine atom of 6-chloro- 
levulinic acid may be directly converted to a chlorine atom of 
caldariomycin. This experimental fact strongly supports the 
hypothesis that the biosynthesis of the cyclopentane ring of 
caldariomycin involves the cyclization of 6-chlorolevulinic acid 
which could occur in the following manner: 


el 
Oxg-Oh Nc ao 0=C c=0 
| ——j> | + H,0 
CHa——CHe CHpo—— CHa 


The further chlorination and reduction of the carbonyl] functions 
of this postulated intermediate would account for the conversion 
of 6-chlorolevulinic acid to caldariomycin. 


SUMMARY AND CONCLUSIONS 


Resting mycelial pads and acetone-dried mycelial powders of 
Caldariomyces fumago catalyze the conversion of chloride ion to 
an ether extractable organic form. Whereas with the resting 
mycelium preparations the incorporation of Cl** is stimulated by 
a variety of compounds, the mycelial powders specifically require 
B-ketoadipic acid for the conversion of chloride ion to an organic 
form. The product of the enzymatic reaction catalyzed by the 
mycelial powders is 6-chlorolevulinic acid. The identity of the 


product was established by (a) crystallization of the radioactive, 
enzymatically synthesized compound with synthetic, nonradio- 
active 5-chlorolevulinic acid to a constant, theoretical specific 
radioactivity, and (b) chromatography of the natural and syn- 
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thetic 5-chlorolevulinic acid on silicic acid and on paper in dif- 
ferent solvent systems. 

The incubation of Cl**-labeled 6-chlorolevulinic acid with 
growing cultures of C. fumago which are actively synthesizing 
caldariomycin from glucose and chloride ion yields an 8% con- 
version of the Cl** of 6-chlorolevulinate to a chlorine atom of 
caldariomycin. 
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Biological Chlorination 


Ill. 8-KETOADIPATE CHLORINASE: A SOLUBLE ENZYME SYSTEM* 


Pau. D. SHawf anp Lowett P. Hacer 


From the Converse Memorial Chemical Laboratory, Harvard University, Cambridge, Massachusetts 


(Received for publication, May 25, 1959) 


In the preceding paper (1) it was established that acetone-dried 
mycelial powders of Caldariomyces fumago catalyze the conver- 
sion of inorganic chloride and 6-ketoadipate to 6-chlorolevulinic 
acid. 

This communication reports the isolation of a soluble enzyme 
system from Caldariomyces fumago mycelial powders which cat- 
alyzes this chlorination reaction. A suitable system has been 
devised for the assay of the enzyme, and the various parameters 
with respect to enzyme and substrate concentration have been 
determined. Data on the stoichiometry of the reaction indicate 
that Equation 1 


O 
-00C—CH,—CH,—C—CH,—C00- + Cl- + 402 
+ 2H*t— CO: + H:0 (1) 
O 
+ -000—CH,—CH,—0—CH.C! 


adequately describes the over-all reaction. This equation un- 
doubtedly represents the sum of two or more partial reactions 
since preliminary evidence indicates that the chlorination reac- 
tion requires more than one enzyme component. For this rea- 
son, the catalyst for the over-all chlorination reaction will be 
referred to as the B-ketoadipate chlorinase system to denote its 
multiplicity of function. 


EXPERIMENTAL 


Preparation of Soluble Enzyme System—The growth of C. 
fumago and the preparation of acetone-dried mycelial powder 
have been described previously (1). Although §-ketoadipate 
chlorinase activity could be directly extracted from the mycelial 
powders with dilute phosphate buffer, the enzyme yield was in- 
creased considerably by sonic oscillation. Routinely, 3 g of 
mycelial powder were suspended in 35 ml of 0.04 m potassium 
phosphate buffer, pH 6.5, and oscillated for 10 minutes in a 10- 
ke Raytheon sonic oscillator. After this treatment, mycelial 
debris was removed by centrifugation in the cold at 15,000 x g 
for 30 minutes in the Servall SS1 centrifuge. The resulting cell- 
free extract was dark brownish green in color and contained ap- 
proximately 20 mg dry weight per ml. When stored in the 
freezer, these cell-free extracts appear to be quite stable. 


* This work was supported in part by a grant (No. G-6463) from 
the National Science Foundation. 

+ Postdoctorate Research Fellow of the National Institute of 
Allergy and Infectious Diseases, United States Public Health 
Service. 


Assay for B-Ketoadipate Chlorinase Activity—The chlorination 
reaction was routinely assayed by incubating a suitable amount 
of enzyme with 200 umoles of potassium phosphate buffer, pH 
4.8, 10 umoles of radioactive potassium chloride (KCI** of spe- 
cific activity 9,000 to 11,000 c.p.m. per umole), and 20 umoles of 
potassium 8-ketoadipate in a total volume of 1 ml for 1 hour at 
30° under aerobic conditions. The enzyme concentration was 
usually adjusted so that the rate of 5-chlorolevulinic acid forma- 
tion fell between the limits of 10 to 200 mumoles per hour (100 
to 2,000 total c.p.m.) for convenience in the determination of 
radioactivity. Actually the rate of 6-chlorolevulinic acid syn- 
thesis was essentially linear over 100-fold concentrations of 
enzyme. 

After incubation the reaction was stopped by the addition of 
0.2 ml of 7 n sulfuric acid and extracted three times with 2 
volumes of ether. The ether extracts were dried over anhydrous 
magnesium sulfate, concentrated to a small volume on the steam 
bath, plated, and counted in a gas flow counter with a thin end 
window. Considerable care was taken in the concentration and 
plating steps since 6-chlorolevulinic acid has considerable vola- 
tility at atmospheric pressure and 100°. 

Definition of Units and Specific Activity—A unit of B-keto- 
adipate chlorinase activity has been arbitrarily defined as that 
amount of enzyme which catalyzes the synthesis of 1 mumole of 
6-chlorolevulinic acid per hour under optimum conditions. Spe- 
cific activity refers to the units of enzyme activity per mg of 
protein. The crude cell-free extracts usually contained between 
100 and 200 6-ketoadipate chlorinase units per ml at a specific 
activity of 5 to 10. 

Substrates—The 6-ketoadipic acid used in these experiments 
was obtained from the Sigma Chemical Company in the free acid 
form. It was neutralized to pH 6.0 with potassium hydroxide 
before use. The radioactive chloride was obtained from the Oak 
Ridge National Laboratories. 

Effect of Enzyme Concentration and Time on Synthesis of 
6-Chlorolevulinic Acid—Assay curves showing the effect of time 
(Curve A) and enzyme concentration (Curve B) on the synthesis 
of 6-chlorolevulinic acid as measured by the incorporation of Cl** 
into an ether extractable form are given in Fig. 1. After a short 
lag period, the formation of 6-chlorolevulinic acid is directly pro- 
portional to time. The chlorination reaction also is proportional 
to the amount of cell-free extract present except at very low 
concentrations so that the incorporation of Cl** into 6-chloro- 
levulinic acid adequately serves as an assay method for the 
enzyme. 

pH Optimum for B-Ketoadipate Chlorinase System—The effect 
of hydrogen ion concentration on the rate of 6-chlorolevulinic 
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acid formation is shown in Fig. 2. The pH optimum of 4.8 is 
quite acid but possibly not too surprising since the over-all 
reaction (Equation 1) indicates the participation of 2 moles of 
hydrogen ion per mole of 6-chlorolevulinic acid formed. 

Effect of Chloride Ion and B-Ketoadipate Concentration on Rate 
of 5-Chlorolevulinic Acid Synthesis—The effect of chloride ion and 
B-ketoadipate concentration on the rate of 6-chlorolevulinic acid 
formation is shown in Fig. 3. The effect of chloride ion concen- 
tration (with excess B-ketoadipate) on the rate of 6-chlorolevu- 
linic acid synthesis shows typical first order reaction kinetics at 
low substrate concentrations shifting to zero order at high sub- 
strate concentrations. The f-ketoadipate chlorinase system 
showed maximum velocity at 0.01 m chloride ion concentration 
with a K,, as calculated from these data of approximately 2 x 
10> m. 

In the case of the effect of 6-ketoadipate concentration on the 
rate of the reaction, the substrate saturation curve is similar to 
that for chloride ion. The concentration of 6-ketoadipate re- 
quired for 4 of the maximum rate of 6-chlorolevulinic acid syn- 
thesis is 1.5 x 10-* a. 
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Fig. 1. The effect of enzyme concentration and time on the 
synthesis of 5-chlorolevulinic acid. The assay conditions are the 
same as those described in the text. Curve A shows the effect of 
time on the synthesis of 6-chlorolevulinic acid with 110 units of the 
B-ketoadipate chlorinase system for the indicated periods of time. 
Curve B refers to the effect of enzyme concentration on the rate 
of 5-chlorolevulinic acid synthesis under standard assay condi- 
tions. 
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Fie. 2. The pH optimum for 6-chlorolevulinic acid formation. 
The enzyme assay conditions are the same as those described in the 
text. The pH was varied by preparing mixtures of phosphoric 
acid, monopotassium phosphate, and dipotassium phosphate. All 
points on the curve represent the final pH value after incubation. 
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Fic. 3. The effect of chloride ion and 8-ketoadipate concentra- 
tion on the rate of 6-chlorolevulinic acid synthesis. The enzyme 
assay conditions are the same as those described in the text with 
the variation in chloride ion concentration (O——O) and f-keto- 
adipate (@——-@) as indicated in the figure. 


Stoichiometry and Oxygen Requirement for Chlorination Reac- 
tion—Under normal assay conditions with high specific activity 
Cl*, the rate of 6-chlorolevulinic acid formation as measured by 
C\** incorporation, was adequate to measure the rather low con- 
centrations of the enzyme system in the crude cell-free extract. 
Under these conditions the rate of 5-chlorolevulinic acid forma- 
tion was not great enough to allow the measurement of products 
or reactants other than the incorporation of Cl** into 6-chloro- 
levulinic acid. However the $-ketoadipate system was stable 
to lyophilization, and with enzyme concentrated by this means 
it was possible to measure oxygen uptake and CO, release asso- 
ciated with the chlorination reaction. The results of this experi- 
ment are given in Table I. These data are corrected for 
endogenous activity and the spontaneous decarboxylation of 
B-ketoadipic acid (see Fig. 4 for corrections), and they show that 
within experimental error, there is 1 mole of CO. formed from 
the decarboxylation of 6-ketoadipate and 4 mole of oxygen 
consumed per mole of 6-chlorolevulinic acid formed. The re- 
quirement for oxygen is also shown in Table I. The chlorination 
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reaction is almost completely inhibited when carried out in a 
helium atmosphere. 

Rate of B-Ketoadipate Decarboxylation and Oxygen Uptake Due 
to Enzymatic Chlorination—The curves given in Fig. 4A record 
the rate of oxygen uptake associated with the enzymatic chlo- 
rination and decarboxylation of 6-ketoadipate together with the 
appropriate controls. The concentrated cell-free extract used in 
this experiment has a high rate of endogenous oxygen uptake 
(Curve 3) which apparently is due to the hydrolysis and oxidation 
of a polysaccharide present as a nondialyzable component of the 
cell-free extract. 8-Ketoadipate also is slowly oxidized by the 
enzyme preparation in the absence of chloride ion (Curve 2). 
Since no CO, production is associated with this later oxidation 
(see Fig. 4B) it would appear probable that 6-ketoadipate, in a 
side reaction, undergoes cleavage to acetate and succinate which 
are then further oxidized. In the presence of both chloride ion 
and §-ketoadipate, there is an increased rate of oxygen uptake 
associated with the formation of 6-chlorolevulinic acid (Curve 1). 
In the presence of chloride ion but in the absence of 6-ketoadi- 
pate, the rate of oxygen uptake parallels the endogenous rate 
(Curve 4), and in the absence of enzyme there is no oxygen uptake 
(Curve 6). 

The rates of enzymatic and nonenzymatic decarboxylation of 
§-ketoadipate are given in Fig. 4B. The endogenous rate of CO, 
production by the enzyme is very low (Curve 3), and although the 
nonenzymatic CO, formation from the spontaneous decarboxyla- 
tion of B-ketoadipate is somewhat higher (Curve 5), it still 
amounts to less than 15% of the CO: formation in the complete 
system (Curve 1). Curve 2 in Fig. 4B shows that there is no 
enzymatic decarboxylation of 6-ketoadipate in the absence of 
chloride ion, and Curve 4 shows that chloride ion alone does not 
affect the endogenous rate of CO, formation. 

The rate curves for oxygen uptake and CO, formation given in 
Fig. 4C are corrected rates of gas exchange and are due ex- 
clusively to the enzymatic chlorination reaction. These rate 


TABLE I 


Stoichiometry and oxygen requirement for enzymatic 
synthesis of 6-chlorolevulinic acid 

The complete system contained 800 umoles of potassium phos- 
phate buffer, pH 4.8, 100 umoles of potassium chloride (KCI**) at 
a specific activity of 10,900 c.p.m. per umole, 100 wmoles of potas- 
sium 6-ketoadipate, and 8000 units of 10-fold concentrated, di- 
alyzed 6-ketoadipate chlorinase enzyme preparation in a total 
volume of 4 ml. Parallel Warburg flasks were incubated, one of 
which contained 750 umoles of potassium hydroxide in the center 
well so that CO, evolution could be determined. Incubation 
time was 80 minutes at 30° either aerobically in air or anaerobi- 
cally under a helium atmosphere. 











Products 
rns my a ee 
condition | ~ 6-Chloro- 
} ae CO2 cre intel 
| O: uptake | productiont | incorporation | lev = 
pmoles pmoles c.p.m | pmoles 
ee eae } 4.7 10.4 112,000 10.3 
‘ ~ 
Anaerobic....... 0 0 1,740 0.16 








* Corrected for endogenous oxygen uptake and the oxygen up- 
take from 6-ketoadipate in the absence of chloride ion. 

+ Corrected for the spontaneous decarboxylation of 6-keto- 
adipate and endogenous CO, production. 
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Fic. 4. The rate of oxygen uptake and 8-ketoadipate decar- 
boxylation associated with the enzymatic formation of 8-chloro- 
levulinic acid. The rate curves given in A are for oxygen uptake. 
The complete system as shown in Curve 1 (O——O) contained the 
identical components listed in Table I and as shown in Table I 
there were 10.3 umoles of 6-chlorolevulinic acid synthesized in the 
complete system. The control flasks, in which there was no 
6-chlorolevulinic acid synthesis (<0.1 umole), contained the com- 
ponents of the complete system with the following omissions: 
Curve 2 (X——X), potassium chloride; Curve 3 (@——@), potas- 
sium chloride and £-ketoadipate; Curve 4 (A——A), B-ketoadi- 
pate; Curve 5 (@——®), enzyme. The CO, evolution rate meas- 
urements (B) were made by incubating a series of flasks identical 
to the oxygen uptake flasks but containing 750 ymoles of potassium 
hydroxide in the center well. The rate of CO, evolution was 
determined by the difference in rate between each set of parallel 
flasks. The CO, evolution rate curves in B are numbered iden- 
tically to those for oxygen uptake in A. The rate curves in C 
are corrected for endogenous oxygen uptake and CO, formation, 
for the nonenzymatic decarboxylation of B-ketoadipate, and for 
the oxidation of 8-ketoadipate in the absence of chloride ion. 
Curve 6 (%-—H) is the corrected rate of CO, formation due to 
the chlorination reaction, and Curve 7 ((]——(_)) is the corrected 
rate of oxygen uptake. 
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curves have been corrected for the endogenous activity of the 
enzyme preparation, for the oxidation of 6-ketoadipate in the 
absence of chloride ion, and for the nonenzymatic decarboxyla- 
tion of B-ketoadipate. The short lag period for CO:2 evolution 
and oxygen uptake reflects the results obtained on the rate of 
Cl** incorporation with the dilute enzyme preparations in the 
usual assay (see Fig. 1). 


TABLE II 


Distribution of B-ketoadipate chlorinase activity after 
high speed centrifugation 

Four ml of a cell-free extract containing 540 6-ketoadipate 
chlorinase units were centrifuged for 1 hour at 144,000 X g with 
the use of micro cells in the Spinco preparative centrifuge. After 
centrifugation, the upper and lower half contents of the tubes 
were removed with the aid of a syringe. The pellets were resus- 
pended in 1 ml of 0.04 m potassium phosphate buffer, pH 6.5, and 
all fractions were assayed for 8-ketoadipate chlorinase activity 
by the procedure described in the text. 








Fraction — ~~ 
“= total units 
Nicer dicen saw ahs hv ee wie wibxiees 128 
ES eo tidincin basa neeas vane es 385 
EE reer rie hire me ere one 38 








TaB.e III 
Effect of various inhibitors on B-ketoadipate chlorinase system 


The enzyme assays were carried out according to the procedure 
described in the text under ‘‘Experimental’’ with the inhibitor 
included at the concentration indicated. Unless otherwise noted, 
all incubations were carried out at the optimum pH for enzymatic 
chlorination (pH 4.8). 

















Inhibitor Concentration Inhibition 

M % 

Sodium azide 1 xX 10-4 86 
1 X 10-5 39 

Potassium cyanide 1 X 10°? 89 
1X 10°? 0 

1x10 | 0 

2X 10-*f 0 

Potassium fluoride 1 X 10° 7 
Potassium bromide 1X 10° 81 
Potassium iodide 1 X 10°? 82 
Potassium arsenite 1 X 10°? 46 
Ferrous sulfate | 1 X 10°? 85 
Potassium ferrocyanide 1X 10°? 51 
Cysteine 1X 10° 88 
1 X 10-4 0 

Glutathione 1 X 10°? 77 
1 xX 10° 0 

Mercaptoethylamine 1x 1 66 
Dihydrolipoic acid 1 xX 10°? 80 
Thiourea 1X 10-4 56 
Thiouracil 1 X 10-4 66 
6-Methylthiouracil 1 X 10-4 68 
Potassium arsenate (replacing 2X 10°! 15 

the phosphate buffer) 





* Incubated at pH 6.0. 
+ Incubated at pH 6.9. 
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Soluble Nature of 8-Ketoadipate Chlorinase System—The cell- 
free extracts obtained from C. fumago mycelial powders have 
been subjected to centrifugation at 144,000 x g for 1 hour and 
examined for the distribution of 6-ketoadipate chlorinase activ- 
ity in the centrifuge tube. The results of this experiment are 
shown in Table II. Although the 6-ketoadipate chlorinase ac- 
tivity tends to concentrate in the lower half of the tube during 
centrifugation, the particles which sediment at this centrifugal 
force and constitute the pellet clearly show the least activity. 
It should also be noted that the sum of the 6-ketoadipate chlori- 
nase activity in the upper and lower halves of the tube is roughly 
equal to the number of starting units so that no separation of 
the 6-ketoadipate chlorinase system occurred during centrifuga- 
tion. 

Inhibitors of Chlorination Reaction. A summary of the effect 
of various inhibitors on the 8-ketoadipate chlorinase system is 
given in Table III. Azide is a potent inhibitor of the chlorina- 
tion reaction at low concentration (1 x 10-5 m), but cyanide on 
the other hand does not appear to be inhibitory except at rela- 
tively high concentrations (1 x 10-*m). The initial cyanide in- 
hibition studies were carried out at the pH optimum for enzy- 
matic chlorination (pH 4.8) where the concentration of cyanide 
ion is depressed in favor of the undissociated acid. In order to 
determine whether the inhibition by cyanide at high concentra- 
tions was due to cyanide ion or to hydrogen cyanide, the effect 
of cyanide at lower hydrogen ion concentrations was determined. 
The results shown in Table III indicate that the inhibitory effect 
of cyanide at high concentrations is due to the undissociated 
acid (HCN) rather than cyanide ion since the chlorination reac- 
tion is not inhibited at higher pH values where the total cyanide 
concentration is decreased, but where the actual cyanide ion 
concentration is equal to that at pH 4.8. 

The chlorination reaction is inhibited by a number of reducing 
agents such as ferrocyanide and ferrous salts. In addition a 
number of thiol compounds such as glutathione, cysteine, and 
mercaptoethylamine inhibit the reaction at high concentrations 
(1 X 10-* m) but do not affect the chlorination reaction at lower 
concentrations (1 X 10-*m). Thisinhibition by sulfhydryl com- 
pounds is not entirely due to the chemical reaction of the thiol 
group with the enzymatically produced 6-chlorolevulinic acid 
since control experiments show that although this reaction does 
take place, the rate of the reaction is too slow to account for the 
magnitude of the sulfhydryl inhibition. 

The classical inhibitors of iodination in the thyroid gland, 
thiourea, thiouracil, and 6-methylthiouracil, inhibit the chlorina- 
tion reaction at concentrations of 1 X 10-*m. Arsenite at high 
concentrations causes inhibition, but this may be due to its ac- 
tivity as a reducing agent rather than as an inhibitor of dithiol 
systems. When the potassium phosphate buffer system is re- 
placed by potassium arsenate, only negligible inhibition is ob- 
served. 


DISCUSSION 


The isolation of the 6-ketoadipate chlorinase system in a sol- 
uble form appears to offer an ideal system for a detailed study 
of the biological mechanisms involved in the enzymatic formation 
of the carbon-chlorine bond. The incorporation of radioactive 
chloride ion into an ether extractable organic form affords a 
convenient and sensitive assay reaction. The enzyme can be 


assayed at widely varied enzyme concentrations, and the assay 
is unusual only in respect to the short lag period before the estab- 
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lishment of a linear rate of 6-chlorolevulinic acid synthesis. This 
lag period was observed both with dilute and concentrated en- 
zyme preparations and in three different types of assays for 
measuring the rate of enzymatic chlorination. Thus it would 
appear that the lag period represents more than an analytical 
artifact and may in fact reflect the time required for the accumu- 
lation or build-up of an intermediate. 

There is no evidence to indicate the requirement for an energy 
source such as adenosine triphosphate or related nucleotide, 
which has been postulated for biological chlorination (2). How- 
ever, in view of the relatively high rate of endogenous oxygen 
uptake, any comment on the energy requirement must be made 
with caution. As mentioned previously, this endogenous respira- 
tion is undoubtedly caused by the enzymatic hydrolysis and 
oxidation of a polysaccharide which is present in all the active 
enzyme preparations. Although the chemical nature of this 
polysaccharide is not known, it comprises 10% of the dry weight 
of the cell free extract and is resistant to attack by common 
amylolytic enzymes.! 

By analogy to chemical halogenation in general (3) and to 
the chemical chlorination of 6-keto acids in particular (4), one 
would predict that the mechanism for the enzymatic chlorina- 
tion reaction would involve the oxidation of chloride ion to the 
oxidation state of chlorinium ion with oxygen serving as the 
electron acceptor. The chlorinium ion or potential chlorinium 
ion, formed by the oxidative reaction and stabilized by combina- 
tion with the enzyme or an enzyme prothestic group, could then 
serve as the active chlorinating agent. Since the over-all reac- 
tion starting with chloride ion and ending with the carbon-chlo- 
rine bond represents a two electron oxidation step, the observed 
uptake of 4 mole of oxygen per mole of chloride ion incorporated 
would be expected on the assumption that oxygen serves as the 
terminal electron acceptor. While the inhibition of the chlori- 
nation reaction by low concentrations of azide would tend to 
implicate a copper or heme oxidase in the oxidation reaction, 
the insensitivity of the chlorination reaction toward cyanide 
would not support this inference. A possible explanation for 
the inhibition of the enzymatic chlorination by reducing agents 
would be the reaction of the reducing agent with the positively 
charged chlorine atom thereby converting it back to chloride 
ion. 

It is clear from the high degree of specificity of the enzymatic 
chlorination for B-ketoadipate (1) and from the rates of decarbox- 
ylation of B-ketoadipate in the complete and control systems 
that this substrate serves a precise role in the enzymatic chlorina- 
tion and does not serve merely as a chemical trap for “active 
chlorine.” In both the acid and base catalyzed halogenation of 
carbonyl compounds, it has been established that the enol or 
the enolate anion is the intermediate which reacts with the posi- 
tively charged halogen to yield the halogenated product (5). 
Furthermore, it has been shown that the acid catalyzed rate of 
a,a-dimethylacetoacetate decarboxylation is unaffected by the 
presence of bromine although the product of the decarboxylation 
in the presence of bromine is 2-bromoisopropyl methyl ketone 
(6). The conclusion drawn from the chemical analogy is that 


1H. Meltzer and L. P. Hager, unpublished results. 





P. D. Shaw and L. P. Hager 


2569 


the rate determining step in the chemical reaction is the decar- 
boxylation of the 6-keto acid to yield the enol form of the prod- 
uct. The enol may then react with a proton to yield isopropyl- 
methyl ketone, or in the presence of bromine, with brominium 
ion to yield the bromine-containing product. If such were the 
case in the enzymatic chlorination reaction, the decarboxylation 
of 6-ketoadipate would yield the enol form of levulinic acid (or 
the enolate anion) which could serve as the trap for enzymatically 
generated chlorinium ion. However, in this instance, the spon- 
taneous rate of 6-ketoadipate decarboxylation would necessarily 
have to be equal to or greater than the rate of 5-chlorolevulinic 
acid formation. Since it has been shown that the rate of enzy- 
matic chlorination may exceed the spontaneous rate of 6-keto- 
adipate decarboxylation by at least 5-fold, this clearly cannot 
be the case. The results also show that the enzyme system does 
not catalyze the decarboxylation of 8-ketoadipate in the absence 
of chloride ion so that an enzymatically generated, free enol 
form of levulinic acid could not be the chlorine acceptor. Thus 
it would appear most probable that either the enzymatic chlorina- 
tion leads to the synchronous decarboxylation of 6-ketoadipate, 
or alternatively, that 6-ketoadipate is specifically decarboxylated 
by the enzyme system to yield a “bound enol” which in turn 
could be chlorinated to yield 6-chlorolevulinic acid. 


SUMMARY 


A soluble enzyme system has been extracted from acetone 
powders of Caldariomyces fumago which catalyzes the conversion 
of chloride ion and §-ketoadipate to 5-chlorolevulinic acid. A 
suitable assay system with radioactive chloride as a tracer has 
been developed, and optimum conditions with respect to enzyme 
and substrate concentrations have been determined. 

The stoichiometry of the enzymatic chlorination indicates that 
1 mole of CO; is produced and 4 mole of oxygen is consumed per 
mole of 6-chlorolevulinic acid synthesized from chloride ion and 
B-ketoadipic acid. By analogy to chemical halogenation, it is 
suggested that chloride ion is oxidized to the oxidation state of 
a stabilized chlorinium ion with oxygen serving as the electron 
acceptor. Furthermore, from the rates of chlorination, oxygen 
uptake, and CO, formation, it is concluded that either the enzy- 
matic chlorination leads to the synchronous decarboxylation of 
8-ketoadipate or that 8-ketoadipate is specifically decarboxylated 
to yield an enzyme-bound enol of levulinic acid which is then 
chlorinated. 

The enzymatic chlorination system is sensitive to a number 
of inhibitors, notably: cyanide at high concentrations, azide at 
low concentrations, all the other halogen anions and reducing 
agents. 
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Certain steroid metabolites excreted in the urine in man may 
be derived from unknown precursors produced by the adrenal 
gland. Such steroids are characterized by the absence of an 
oxygen group at position C-11 of the carbon skeleton and are 
represented by compounds like dehydroepiandrosterone and 
etiocholanolone. Their postulated precursor has been called 
“adrenal androgen” by Gallagher (1), since they may cause 
masculinization in women when produced in excessive amounts. 
Lieberman and Teich (2) have proposed that urinary dehydro- 
epiandrosterone is derived from adrenal 17a-hydroxy-A®- 
pregnenolone. In a study of adrenal venous blood and urine 
from a woman with virilism, Bush (3) found that more than 90 
per cent of the dehydroepiandrosterone excreted could not be 
accounted for in terms of adrenocortical production. 

The concept of an androgenic function of the adrenal is also 
supported by results from animal experiments. In castrated 
hypophysectomized rats, preparations of ACTH! that were free 
of any gonadotropic activity were found to stimulate the ac- 
cessory sex glands (4). On the other hand, extracts of adrenal 
vein blood of dogs failed to show direct androgenic activity to 
any appreciable extent (5). 

A metabolic relationship was recently established in our 
laboratory between some of the C-19 11-deoxy steroids and some 
of the C-21 A®-38-hydroxy steroids (6). After the intravenous 
injection of either A®-pregnenolone or 17a-hydroxy-A*-pregneno- 
lone in dogs, plasma dehydroepiandrosterone was isolated in 
highly increased amounts, and when tritium-labeled A*-preg- 
nenolone was given to normal dogs, tritium-labeled dehydro- 
epiandrosterone could be found in the plasma (7). Hence, it was 
of interest to ascertain whether A*-36-hydroxy steroids are 
secreted by the canine adrenal gland. 

The results of the present study have demonstrated that 17a- 
hydroxy-A®-pregnenolone is secreted in appreciable amounts by 
the canine adrenal gland after the administration of ACTH. 
The amounts secreted without ACTH, however, escape detection 
by the methods used. 


* This work was supported in part by Grants CRTY-5000, A- 
764 (C 2) and G-2907, National Institutes of Health, United States 
Public Health Service, Bethesda 14, Maryland. 

t On leave from the University of Uppsala, Sweden. Present 
address, Hormone Research Laboratory, University of California, 
Berkeley 4, California. 

1 The abbreviation used is: ACTH, adrenocorticotropin. 


EXPERIMENTAL 


Material and Methods? 


Collection and Preparation of Blood Samples—Blood was col- 
lected from two apparently healthy mongrel dogs. From Dog 1 
(male, weighing 28 kg) adrenal venous blood was collected, and 
from Dog 2 (female in heat, 33 kg) samples of both adrenal 
venous and aortic blood were obtained simultaneously. The 
dogs were anesthetized with sodium pentobarbital (35 mg _ per 
kg). The left lumboadrenal vein was cannulated according to 
the method described by Zaffaroni and Burton (10). Just be- 
fore the cannulation, 120 U.S.P. units of heparin per kg were 
administered by intravenous injection. 

To Dog 1 an intravenous infusion of 50 i.u. of ACTH (Upjohn, 
Lot No. CB-243-ZF) in 1500 ml of sodium chloride solution was 
given during the first 24 hours of blood collection (11.9 milliunits 
of ACTH per kg per minute). The collection of blood was 
discontinued 4 hour after the infusion with ACTH was com- 
pleted. 

To collect the aortic blood from Dog 2, a polyethylene tube 
was introduced into the aorta from the left femoral artery. 
Samples of aortic blood, amounting to 22 ml each, were with- 
drawn at 5-minute intervals, the first sample being taken 5 
minutes after the collection of adrenal venous blood was started. 
A continuous intravenous infusion of equal volumes of fresh 
heparinized blood from a male dog and a solution made up 
of 9 g of sodium chloride, 1.2 g of sucrose, and 140 mg of 
l-ascorbic acid per liter was given this animal at the rate of 360 
ml per hour. For purposes outside the scope of this presenta- 
tion, a trace dose of cortisol-4-C“ (1.5 million c.p.m., specific 
activity 1.467 mc per mmole) was infused with the above solu- 
tion during the first 10 minutes. After blood had been col- 
lected for 40 minutes, 10.5 milliunits per kg per minute of 


2 In the description of spectrophotometric methods, the follow- 
ing terms are used: A, corrected absorbancy at Amax; 7.e. base-line 
correction according to Allen (8) in Brown’s modification (9): 
Ay = 2X Amax — Ai — Az, where Amax denotes the absorbancy at 
Amax and A; and Ag are the absorbancies obtained at two wave 
lengths chosen at equal intervals on both sides of Amax Total A, 
the sum of corrected absorbancies from a number of counter- 
current distribution fractions. In countercurrent distribution 
experiments this sum is calculated from the theoretical curve 
which best fits the data. 
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ACTH (Upjohn) were given with the infusion fluid for 40 
minutes. 

All blood samples were kept in an ice bath during collection 
and were centrifuged for 30 minutes at 3000 r.p.m. within 1 
hour. Plasma was carefully removed and centrifuged again if 
necessary. The red cell fraction was suspended again in an 
equal volume of 1 per cent sodium chloride and the suspension 
was centrifuged to recover trapped plasma. The volumes of 
blood and plasma that were obtained are indicated in Table I. 
The samples of plasma were immediately diluted (1:1) with cold 
1 per cent sodium chloride and extraction was performed. 

Extraction—The previously described “liquid spray extraction 
method” (11, 12) was used, with cold (10-15°) ethyl acetate, 
freshly purified and redistilled, as extracting medium (11, 12). 
Each sample was extracted 5 times with 500 ml of solvent in the 
first two extractions and with 350 ml in each of the three subse- 
quent extractions. 

The ethyl acetate extracts were then kept in a freezer at —20° 
overnight in order to freeze out water. The ice formed was 
removed by filtration in the cold through prewashed glass wool, 
and the glass wool and the ice crystals were washed several times 
with small volumes of cold ethyl acetate. The ethyl acetate 
extracts from each sample were combined, the solvent was re- 
moved by evaporation at 40° in a vacuum, and the residue was 
stored under nitrogen in glass-stoppered flasks at 3-5° until 
further processing. 

Countercurrent Distritution—The solvent systems used for 
countercurrent distribution were prepared and the solvents were 
purified as described previously (13), except that Skellysolve B 
was used instead of n-hexane. When water was used in a sol- 
vent system it was obtained by redistillation of distilled water 
from potassium permanganate on a 75-cm Vigreux fractionating 
column. All glassware was scrupulously washed, soaked in 
alkali (Labtone) for 24 hours, then rinsed with tap water, weak 
hydrochloric acid, and finally with distilled water. 

Countercurrent distribution was performed in a fully auto- 
matic 100-tube Craig countercurrent distribution apparatus of 
the closed type (14). Some experiments were carried out at 5° 
and others at room temperature, as indicated in the text. At 
the end of the countercurrent distribution the total contents of 
each tube were transferred to an Erlenmeyer flask, and evapora- 
tion was then effected in a vacuum at 40°. The dry residue was 
stored at 3-5°. 

Partition coefficients (K) and theoretical countercurrent 
distribution curves were calculated according to the procedure of 
Way and Bennett (15) if less than 100 transfers had been per- 
formed. For a higher number of transfers, the procedure de- 


TaBLe I 


Samples of canine adrenal venous and aortic blood collected before 
and during infusion with ACTH 























Adrenal vein blood | Aortic blood 
| Blood ACTH 
Dog No. | collection infusion | 
| interval interval ne — | nee en 
- min. min. ml mi | ml ml 
1 } 0-180 0-150 75 590 
2 0-40 176 94 176 82 
2 | 40-80 40-80 140 75 176 80 
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TaB.e II 


Corrected absorbancies (A) of 17a-hydroxy-A*-pregnenolone in 
H.SO,-ethanol and vanillin reactions 





H:SO,-ethanol reaction Vanillin reaction 





Amount of steroid) 











Asos per ml A per ug Aas per ml of A per ug 
of reagent of steroid reagent | of steroid 
us 
20 1.458 0.0729 0.551 0.0277 
15 0.462 0.0308 
10 0.733 0.0733 0.288 0.0288 
5 0.374 0.0748 0.149 0.0298 
1 0.072 0.0720 











scribed by Williamson and Craig (16) was used for these calcula- 
tions. 

In order to check the stability of A*-38-hydroxyl compounds 
under the experimental conditions, a 10-transfer distribution of 
50 wg of A®-pregnenolone was carried out at 21.0-21.5° in a 
solvent system consisting of n-hexane-50 per cent ethanol and 
50 per cent water. The partition coefficient was 0.54, and 51.5 
ug of the steroid were recovered. 


Analytical Procedures 


Spectrophotometry—The dry residues from either single or 
pooled fractions derived from countercurrent distribution were 
dissolved in 1 ml of ethanol, and the solutions were transferred 
to a quartz cuvette with a 1-cm light path and read in the ultra- 
violet spectral range in a Beckman spectrophotometer, either 
model DK-2 or model DU. Corrected absorbancy at 240 my 
(Azw) was calculated from readings at 230, 240, and 250 mu. 
The samples were then quantitatively transferred to test tubes 
and dried in a desiccator under reduced pressure. 

Sulfuric Acid-Ethanol Reaction—This reaction, recently de 
scribed by Oertel and Eik-Nes (17), gives a maximal absorbancy 
at 405 my for steroids with a A*-36-hydroxy] configuration. To 
each sample was added 1 ml of the sulfuric acid-ethanol solution, 
and the tubes were stoppered and rotated. After 15 minutes 
the samples were read in the Beckman spectrophotometer against 
a blank, and the corrected absorbancy at 405 my (As) was 
calculated from readings at 380, 405, and 430 my. 

Vanillin Reaction—The colorimetric reaction between vanillin 
in phosphoric acid and steroids carrying a 17a-hydroxy-20-keto- 
21-methyl side chain (18) was modified for spectrophotometric 
use by one of us (H. C.) in the following manner.’ The reagent 
used was a solution consisting of 4 mg of vanillin (recrystallized 
from 50 per cent ethanol) per ml of 85 per cent phosphoric acid 
(Merck); 1 ml of this reagent was added to tubes containing 
either unknown material or authentic 17a-hydroxy-A*-preg- 
nenolone (range 1 to 15 wg), and also to blank tubes. The tubes 
were stoppered, rotated, and incubated for 20 minutes at 70°; 
the contents were then cooled and read in the Beckman spectro- 
photometer from 30 to 60 minutes afterwards. The corrected 
absorbancy at 485 my (Ags) was calculated from readings at 
450, 485, and 520 mu. Some variation was observed between 
readings made at different times; it has not yet been possible to 
find a satisfactory explanation for this. At any rate, this re- 
action followed Beer’s law (Table II), and the background ab- 


3H. Carstensen, unpublished observation. 
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TABLE III 


Partition coefficients (K) of some standard steroids in systems used for preliminary fractionation of 17a-hydrory-A*-pregnenolone and 
17a-hydroxyprogesterone from other components of extracts* 




















Upper phase Lower phase Temperature Standard steroid K | Methodt | Reference 

n-Hexane Water 20-21° 11-Dehydrocorticosterone 0.05 | CCD | (13) 
Adrenosterone 1.22 CCD (13) 
17a-Hydroxyprogesterone 1.33 CCD | (13) 
11-Deoxycorticosterone 2.65 CCD (13) 
A‘-Androstendione 6 CCD | (13) 

n-Hexane 2% ethanol, 98% water 3-5° 17a-Hydroxy-A5-pregnenolone 1.3 = | 
A5-Pregnenolone 18 | 

n-Hexane 3% ethanol, 97% water 23-24° Dehydroepiandrosterone 14 P | 
A‘-Pregnenolone 38 | r 

n-Hexane 20% ethanol, 80% water 22-24° 17a-Hydroxy-A®-pregnenolone 0.76 4 | 
17a-Hydroxyprogesterone 0.82 | P 





* Throughout, the composition of the biphasic systems is described in terms of the volumes of the pure components used for each 


phase. 
+ CCD, countercurrent distribution; P, solvent partitioning. 


TaBLe IV 


Partition coefficients of 17a-hydroxy-A'-pregnenolone and 17a-hydroxyprogesterone obtained from partitioning of standard steroids and 
from countercurrent distribution of adrenal vein blood extracts in same solvent systems 





























Partition coefficients 
. ens faa) a 
| Adrenal vein blood Standard steroids 
Upper phase Lower phase Temperature _— eae | 

| | 

} |17a-Hydroxy-| 17a-Hy- |17a-Hydroxy-| 17a-Hy- 

} A’-preg- | droxypro-| A®-pregnen- | droxypro- 

| nenolone | gesterone | olone | gesterone 
ba ae peer g a) WT aS a = | | i a 
47.5% ethanol,* 52.5% water 50% carbon tetrachloride, 50% n-hexane | 3-5° 2.57 L@ i 2.7 | 1.44 
47.5% ethanol,* 52.5% water 70% carbon tetrachloride, 30% n-hexane 22-24° 1.22 | 0.72 | 1.29 0.72 








* With 50% (volume per volume) of 95% ethanol plus 50% water. 


sorption from the plasma extracts followed a falling linear curve 
between 450 and 520 mu. 

Sulfuric Acid Spectra—Dried samples from countercurrent 
distribution or paper chromatography were incubated with 0.9 
or 1.2 ml of concentrated sulfuric acid (Merck) (specific gravity 
1.84) for 2 hours at room temperature (19), and readings were 
made in the Beckman spectrophotometer, model DK-2, in the 
range between 220 and 550 mu. 

Determination of Partition Coefficients by Solvent Partitioning— 
The partition coefficients for some authentic steroids were de- 
termined by solvent partitioning in the same systems as those 
employed for countercurrent distribution of the plasma extracts 
(Tables III and IV). A 100- to 200-ug sample of standard 
steroid was allowed to dry on the wall of a 100-ml separatory 
funnel and dissolved in 10 ml of one of the solvent phases; 10 
ml of the other phase were then added. The separatory funnel 
was shaken gently 100 times and the phases were then allowed 
to settle completely, with the funnel in a horizontal position. 
The solvent layers were separated and 1- or 2-ml aliquots from 
each layer were subjected to quantitative analysis. 

Paper Chromatography—Paper chromatography of synthetic 
17a-hydroxy-A*-pregnenolone and of one fraction from one 
countercurrent distribution was carried out in the propylene 
glycol-methyleyclohexane system (20). 11-Deoxycorticosterone, 
submitted to chromatography on a separate paper strip, was used 
as a reference standard. 


Infrared Analysis—The infrared spectrum was determined! in 
a Perkin-Elmer model 21 infrared spectrophotometer with an 
ultramicro sampling system. 


RESULTS 


The extract of 590 ml of plasma from the adrenal vein blood 
of Dog 1 was fractionated by two successive countercurrent 
distributions (Diagram 1). Analysis of an aliquot from tube 12 
of the first distribution by the sulfuric acid-ethanol reaction (17) 
disclosed a major peak at 403 my, smaller ones at 480 and 350 
my, and unspecific absorption at shorter wave lengths as well. 
In 1 ml of reagent Ags was 0.635, equivalent to 9.1 wg of 17a- 
hydroxy-A®-pregnenolone. When the contents of tubes 6 to 19 
were submitted to a second distribution (CCD 3, Diagram 1), 
a peak was obtained equal to a total Aws of 5.57/1 ml of reagent. 
This peak followed closely a theoretical curve of K = 2.57 
except for a few aberrant points (Fig. 1). A similar peak was 
obtained with the vanillin reaction. Both peaks were equivalent 
to about 75 wg of 17a-hydroxy-A*-pregnenolone. There was a 
slight indication of an ultraviolet component contaminating the 
less polar part of the peak. Data obtained on the basis of the 
sulfuric acid spectrum also suggested the presence of some 
impurities, since in addition to maxima at 315, 410, and 465 mu, 
a& maximum at 268 my was also observed. Consequently, the 


4 We are indebted to Dr. Dale Clark, Veterans Hospital, Me- 
Kinney, Texas, for the infrared analysis. 
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DIAGRAM 1 


Separation procedures carried out on extract of adrenal vein blood 
plasma from Dog 1* 





CCD 1. Solvent system: n-hexane-2% ethanol + 98% water; 4-5°; 
n = 24;a@ = 1.0 (10 ml/10 ml). 
| 
| | 
Tubes Tubes 
(6-19) (20-24) 


CCD 2. Solvent system: 80% ethanol + 20% 
water-70% CCli + 30% n-hexane; 3-4°; 
n = 100;a@ = 1.0 (10 ml/10 ml). No indi- 
cation of specific ultraviolet absorption at 
240 my or positive H2SO,-ethanol reaction 
L as tested on single fractions. 

CCD 3. Solvent system: 47.5% ethanol + 52.5% water/50% 
CCl, + 50% n-hexane; 4-5°; n = 100;a = 1.0 (10 ml/10 ml) 
(see Fig. 1). 

Analyses: 

Ultraviolet (in ethanol): K = 1.44, total Ae per ml of solv- 
ent = 0.31 = 15 ug of 17a-hydroxyprogesterone. 

H.SO,-ethanol reaction: K = 2.57, equivalent to 73 ug of 
17a-hydroxy-A*-pregnenolone. 

Vanillin reaction: K = 2.57, equivalent to 75 wg of 17a-hy- 
droxy-A*-pregnenolone. 

H.SO, chromogen formation, tube 76: peaks at 268, 315, 410 
and 465 mu. 





| 
Tubes 
(69, 71, 75) 
! 


Paper chromatography. Solvent system: propylene glycol-meth- 

yleyclohexane. Whatman No. 1 filter paper. Developed for 

80 hours and the area corresponding to authentic 17a-hy- 

droxy-A5-pregnenolone eluted. 

Analyses: 

H.SO, chromogen formation: peaks at 315, 410, and 485 my 
(identical with those of authentic 17a-hydroxy-A*-preneno- 
lone) (see Fig. 3). 

Infrared spectrum: Identical with that of authentic 17a-hy- 
droxy-A‘-pregnenolone (see Fig. 2). 





* CCD, countercurrent distribution; n, number of transfers; 
and a, volume ratio. 


contents from three tubes were combined and further purified 
by paper chromatography (20). This product gave an infrared 
spectrum with good resolution, suggesting that the material was 
identical with 17a-hydroxy-A*-pregnenolone (Fig. 2). A new 
sulfuric acid spectrum on an aliquot from this fraction showed 
maxima at 315, 410, and 485 my and seemed identical with that 
of the authentic steroid (Fig. 3). 

Two extracts of adrenal venous blood (before and during 
ACTH infusion, respectively) and one extract of aortic blood, 
collected during the ACTH infusion period, all from Dog 2, 
were fractionated as described in Diagrams 2 to 4. An indica- 
tion of the presence of 17a-hydroxy-A®-pregnenolone was found 
only in the adrenal venous blood that had been obtained during 
infusion with ACTH (Fig. 4). The total amount of this steroid 
was estimated to be 23.2 ug. In this plasma extract there was 
further ultraviolet absorbing material which was also positive 
in the vanillin reaction. The partition coefficient for this com- 
pound was identical with that of 17a-hydroxy-progesterone, and 
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a total amount of 12 ug of this steroid was estimated within the 
peak (CCD 6, Diagram 3). 

The sulfuric acid-ethanol reaction was also carried out on the 
less polar fractions of each extract, pooled. These fractions had 
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Fic. 1. Countercurrent distribution of adrenal venous blood 
extract from Dog 1. Solvent system, 47.5 per cent ethanol, 52.5 
per cent water (upper phase), 50 per cent carbon tetrachloride, 
and 50 per cent n-hexane (lower phase) ; temperature, 4-5°; num- 
ber of transfers, 100; phase volume ratio, 1.0; methods of esti- 
mation, ultraviolet (O——O), sulfuric acid-ethanol reaction 
(@——@), and vanillin reaction (A A). Compare with flow 
sheet of Diagram 1, countercurrent distribution 3. 
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Fig. 2. Infrared spectrum of material obtained from canine 
adrenal vein blood during ACTH stimulation and purified by 
countercurrent distribution and paper chromatography. The 
spectrum is characteristic of 17a-hydroxy-A*-pregnenolone. 
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impure spectra with high absorption and different maxima at 
shorter wave lengths. Since the region around 400 my was, 
however, less influenced by the impurities, this permitted the 
detection of a minor maximum at 405 my in each sample from the 
adrenal vein blood. Before infusion with ACTH, the total 
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Fig. 3. Sulfuric acid spectrum of same material as in Fig. 2 
(——), compared with that of authentic 17a-hydroxy-A*-preg- 
nenolone (----- Ve 


DIAGRAM 2 


Separation procedures carried out on the extract of adrenal vein 
blood plasma from Dog 2 before ACTH infusion* 





CCD 6. Solvent system: n-hexane-3% ethanol + 97% water; 
22-24°; n = 23; a = 1.0 (10 ml/10 ml). 


| 


Tubes 
(20-23) 


| 


H.SO,-ethanol reaction: 2.6 wg of an unknown 
material, equivalent to 2.6 ug of 17a-hy- 
droxy-A*-prenenolone or 1.9 wg of dehydro- 

I} epiandrosterone (see ‘‘Discussion’’). 
CCD7. Solvent system: 47.5% ethanol + 52.5% water-70% CCl, 
+ 30% n-hexane; 21.5-24°; n = 49; a = 1.0 (5 ml/5 ml). 
Analyses: 
Ultraviolet: K < 0.1 (fraction not further characterized). 
H.SO,-ethanol reaction: negative. 





Tubes 
(7-19) 





* CCD, countercurrent distribution; n, number of transfers; 
and a, volume ratio. 


Secretion of 17a-Hydroxy-A*-pregnenolone 


Vol. 234, No. 10 


DIAGRAM 3 


Separation procedures carried out on extract of adrenal vein blood 
plasma from Dog 2 during ACTH infusion* 





Solvent partitioning. Solvent system: 15 ml of n-hexane-15 ml 
of 50% ethanol + 50% water; 22-24°. Upper phase extracted 
three times with 15 ml of lower phase and once with 10 ml 
of lower phase. Combined lower phases washed with } their 
total volume of n-hexane phase. Theoretically, >99% re- 
covery of 17a-hydroxy-A*-pregnenolone (K < 0.05) and 89% 
recovery of A°-pregnenolone (K = 0.54). 


| 


Lower phase 
| 


CCD 4. Solvent system: n-hexane-2% ethanol + 98% water; 
23-25°; n = 24; a = 1.0 (2 ml/2 ml). 
| 
| ai 
Tubes 
(7-20) 





Tubes 
(21-24) 


H.SO,-ethanol reaction: unknown, equivalent 
to 0.1 wg of 17a-hydroxy-A‘-prenenolone. 
CCD 6&. Solvent system: 47.5% ethanol + 52.5% water-70% 

CCl, + 30% n-hexane; 23-25.5°; n = 49;a@ = 1.0 (2 ml/2 ml). 

Transfers 39-49 were performed with withdrawal of the upper 

phase from the end (see Fig. 4). 

Analyses: 

Ultraviolet: K < 0.1 (fraction not further characterized). 
K = 0.72, total Aes per ml of solvent = 0.26 = 12 ug of 
17a-hydroxyprogesterone. 

H.SO,-ethanol reaction: K = 1.22, equivalent to 23.2 ug of 
17a-hydroxy-A5-pregnenolone. 

Vanillin reaction: Main peak corresponding to K = 1.22 
with a shoulder overlapping the ultraviolet peak (K = 
0.72). 





* CCD, countercurrent distribution; n, number of transfers; 
and a, volume ratio. 


DIAGRAM 4 


Separation procedures carried out on extract of aortic blood plasma 
from Dog 2 during ACTH infusion* 





CCD 8. Solvent system: n-hexane-3% ethanol + 97% water; 
22-24°; n = 23; a = 1.0 (10 ml/10 ml). 


Tubes 
(20-23) 


| 


H.SO,-ethanol reaction: negative. 
CCD 9. Solvent system: 47.5% ethanol + 52.5% water-70% 
CCl, + 30% n-hexane; 21.5-24°; a = 1.0 (5 ml/5 ml). 
Analyses: 
Ultraviolet: K = 0.18; very small peak (total Ae per ml of 
solvent = 0.05). 
H.SO,-ethanol reaction: negative. 





Tubes 
(7-19) 





* CCD, countercurrent distribution; n, number of transfers; 
and a, volume ratio. 
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Fie. 4. Countercurrent distribution of adrenal venous bood 
extract of Dog 2, Period 2 (during ACTH administration). Sol- 
vent system, 47.5 per cent ethanol, 52.5 per cent water (upper 
phase), 70 per cent carbon tetrachloride, and 30 per cent n-hexane 
(lower phase); temperature, 23-25.5°; number of transfers, 49; 
phase volume ratio, 1.0; methods of estimation, ultraviolet 
(O——O), sulfuric acid-ethanol reaction (@——®@), vanillin reac- 
tion (A A). Compare with flow sheet of Diagram 3, counter- 
current distribution 5. 





amount of this material was estimated to be equivalent to 2.6 
ug of 17a-hydroxy-A*-pregnenolone or 1.9 yg of dehydro- 
epiandrosterone. On the basis of polarity, however, the ma- 
terial represented by these combined fractions could have been 
either dehydroepiandrosterone or A®-pregnenolone. Since the 
fraction with intermediate polarity did not contain any detectable 
amounts of a A®-38-hydroxy] compound, the presence of 17a- 
hydroxy-A®-pregnenolone in the sample is unlikely. During the 
infusion with ACTH, this nonpolar fraction in adrenal vein 
blood was found to contain only about 0.1 ug of steroid accord- 
ing to the sulfuric acid-ethanol reaction (17), and when the 
sample of aortic blood collected during this same interval was 
subjected to this same test, the region between 390 and 430 mu 
followed a straight line. 

Identity of Partition Coefficients—Table IV gives the partition 
coefficients of the components from adrenal vein blood, obtained 
by countercurrent distribution in two different systems, com- 
pared with those of authentic 17a-hydroxy-A*-pregnenolone and 
17a-hydroxyprogesterone, obtained by partitioning in the same 
systems. 

Output Data—The output of 17a-hydroxy-A*-pregnenolone by 
the adrenal gland in Dog 2 was 0.97 ug per kg of body weight 
per hour and the output of 17a-hydroxyprogesterone, 0.14 ug 
per kg per hour. Assuming zero concentration in the aortic 
blood for Dog 1 also, the calculated output of 17a-hydroxy-A‘- 
pregnenolone in this dog was 1.06 wg per kg per hour. The 
rate of ACTH infusion was approximately the same in both 
animals. 





DISCUSSION 


In order to determine whether a compound that appears in the 
efferent blood of a gland is a secretory product of that gland, it 
is necessary to know if the compound also is present in the af- 
ferent blood and, if the latter is the case, to compare the amount 
entering with the amount leaving the gland per unit of time (cf. 
(12)). The afferent blood may be taken from the aorta either 
continuously at a steady rate or intermittently, with withdrawal 
of the same volume at equal intervals, but it must be taken during 
the same time that the adrenal venous blood is being collected. 
From the present data obtained in accordance with the above 
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specifications, it seems that the canine adrenal secretes 17a- 
hydroxy-A*-pregnenolone during stimulation with ACTH, since 
this steroid was not detected in the aortic blood by any of the 
methods used. 

The presence of 17a-hydroxy-A*-pregnenolone in extracts from 
adrenal venous blood was suggested by various types of evidence, 
including partition coefficients obtained by countercurrent dis- 
tribution in two different systems, mobilities in one-dimensional 
paper chromatography, and the results of two color reactions: 
one indicative of a A*-38-hydroxy] configuration, the other of a 
17a-hydroxy-20-keto-21-methy] side chain; and this identifica- 
tion was confirmed when infrared and sulfuric acid spectra were 
obtained that were identical with those of the authentic com- 
pound. 

Support for the occurrence of small amounts of 17a-hydroxy- 
progesterone in adrenal venous blood was obtained by the parti- 
tion coefficients in two different countercurrent distribution sys- 
tems, by the fact that maximal ultraviolet absorption occurs at 
240 mu, and by the presence of a 17a-hydroxy-20-keto-21- 
methyl side chain. The amounts of 17a-hydroxyprogesterone, 
however, that were isolated were too small for further character- 
ization. 

Before Dog 2 had received ACTH by intravenous infusion, 
neither 17a-hydroxyprogesterone nor 17a-hydroxy-A5-pregneno- 
lone could be detected in the total sample of adrenal vein blood 
collected over a 40-minute period. After the first countercur- 
rent distribution, a substance was found which gave a maximum 
absorbancy at 405 my with sulfuric acid-ethanol, indicating the 
presence of a component with the A®-36-hydroxyl configuration. 
After this compound was fractionated it was evident that it was 
not 17a-hydroxy-A*-pregnenolone; however, it could have been 
either dehydroepiandrosterone or A*-pregnenolone. The amount 
found was very small, equivalent to 1.9 yg of dehydroepi- 
androsterone; hence, on this basis, the rate of secretion of this 
unidentified component was probably less than 0.1 yg per kg 
per hour. ACTH decreased the output of this compound, and 
it was not found at all in the adrenal venous blood of Dog 1, 
collected during infusion with the hormone. The detection of a 
minute quantity of this unknown compound, however, may have 
been more difficult in this animal since analysis was performed 
only on single fractions from countercurrent distribution. At 
any rate, this experiment does indicate the occurrence in the 
adrenal venous blood of a compound with a A*-38-hydroxy 
configuration, less polar than 17a-hydroxy-A*-pregnenolone, and 
whose secretion is not stimulated by exogenous ACTH. 

The fact that no appreciable secretion of dehydroepian- 
drosterone was detected in these studies leads us to believe that 
it is unlikely that this steroid, at least in the dog, plays any role 
as an adrenal androgen. The presence of dehydroepiandros- 
terone, however, has been demonstrated in human adrenal tis- 
sue by Bloch et al. (21). Although these authors failed to 
observe any effect on the part of ACTH on the biosynthesis in 
vitro of this steroid from acetate-1-C™ by adrenocortical tissue, 
Migeon (22) found that plasma dehydroepiandrosterone will 
increase in normal human subjects following the infusion of 
ACTH. In our experiments, there was no indication of an 


increased output of dehydroepiandrosterone resulting from the 
administration of ACTH. 

It may be speculated that 17a-hydroxy-A‘-pregnenolone is the 
major androgen (or androgenic precursor) produced by the 
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adrenal. It is significant that ACTH stimulation was necessary 
before this steroid could be demonstrated in our experiments. 
17a-Hydroxy-A*-pregnenolone, however, has been suggested as 
an adrenal precursor for dehydroepiandrosterone in human sub- 
jects who exhibit the adrenogenital syndrome, a condition which 
is characterized by a high secretion of ACTH (23). The abun- 
dant excretion of dehydroepiandrosterone in the adrenogenital 
syndrome may reflect a block in the 36-dehydrogenase system 
rather than in the 21-hydroxylating system, as was suggested by 
Dorfman (24). If this is the case, a high secretion of 17a- 
hydroxy-A*-pregnenolone would occur. The ready conversion 
of this steroid to dehydroepiandrosterone (6, 25) and possibly to 
other androgens by the liver as well as other tissues may explain 
some of the endocrine disturbances seen in the adrenogenital 
syndrome. 

The reason for the increased secretion of 17a-hydroxy-A‘- 
pregnenolone as a consequence of stimulation by ACTH may best 
be explained as a result of an excess of precursor steroid resulting 
in a saturation of the enzyme systems necessary for a full con- 
version of these precursors to cortisol, corticosterone, or al- 
dosterone. Under both normal and pathological conditions, 
differences in the biosynthesis of steroids by the adrenal gland 
apparently depend to a large extent on the nature and capacity 
of the adrenal enzymes capable of modifying the substituent 
groups of the steroid nucleus. ACTH will not influence these 
reactions by any direct action on the adrenal enzymes, but it 
may act indirectly by influencing the growth of the gland and 
the consequent synthesis of enzyme proteins (26). Thus, the 
predominant adrenal hormone in rabbits is normally corti- 
costerone, but after prolonged treatment with beef ACTH, 
cortisol becomes the major adrenal steroid of this species (27). 
There have been other reports in the literature that ACTH may 
change the pattern of secretion of adrenal steroids; for example, 
Grant et al. (28) found that the ratio between cortisol and 
corticosterone in blood could be changed after the administra- 
tion of ACTH. Koritz and Péron (29) found further evidence 
in favor of the postulate that ACTH makes available corticoid 
precursors; moreover, they also confirmed the findings of Haynes 
and Berthet (30) that part of the mechanism of ACTH is to 
mobilize triphosphopyridine nucleotide, a cofactor which may be 
required for the hydroxylation of steroids (31-34). 

The observation, in the present study, of the presence of 17a- 
hydroxyl-A*-pregnenolone in canine adrenal venous blood may 
further strengthen the findings in vitro that A®°-pregnenolone is 
an intermediary precursor for corticosteroids, at least in the 
“cholesterol pathway” (26). It seems that this pathway is 
stimulated by ACTH. We failed to detect A*-pregnenolone in 
the adrenal vein blood of the dog even when ACTH was given 
intravenously. This may indicate that the 17-hydroxylating 
enzyme system of the adrenal gland has a greater capacity than 
the 38-dehydrogenase system. On the other hand, ACTH may 
influence the 17-hydroxylating enzymes in the same way that it 
influences the adrenal 118-hydroxylation enzyme by making a 
cofactor, triphosphopyridine nucleotide, available. 


SUMMARY 


17a-Hydroxy-A*-pregnenolone has been isolated from canine 
adrenal venous blood during stimulation by adrenocorticotropin 
(ACTH); this compound was identified by the criteria of counter- 
current distribution in two systems, paper chromatography in 


Secretion of 17a-Hydroxy-A*-pregnenolone 


Vol. 234, No. 10 


one system, the results of the sulfuric acid-ethanol reaction, 
specific for a A®-36-hydroxyl configuration, and the vanillin- 
phosphoric acid reaction, for a 17a-hydroxy-20-keto-21-methy] 
side chain, and on the basis of sulfuric acid and infrared spectra. 
This compound was not found in adrenal vein blood without 
exogenous ACTH and could not be demonstrated in aortic blood 
of the dog with intravenous ACTH. It has thus been con- 
cluded that the canine adrenal cortex secretes 17a-hydroxy-A‘. 
pregnenolone in the presence of excess amounts of ACTH. In 
one dog this steroid hormone was secreted at a rate of 0.97 ug 
per kg per hour and in another dog, at a rate of 1.06 wg per kg 
per hour. 

The data further indicate that 17a-hydroxyprogesterone may 
be a secretory product of the adrenal gland in dogs given ACTH 
intravenously. The rate of secretion of this steroid hormone in 
the two animals varied from 0.14 to 0.7 ug per kg per hour. 
Dehydroepiandrosterone and A*-pregnenolone are probably not 
secretory products of the canine adrenal cortex. 
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The indispensability of sterols for the growth of insects has 
been amply established by nutritional studies. This require- 
ment has been shown to exist in every insect studied and it is 
satisfied in all cases by cholesterol (1). In many species how- 
ever cholesterol can be replaced by sterols of plant or fungal 
origin such as #-sitosterol, stigmasterol, or ergosterol. This 
nutritional requirement has been reasonably regarded as a 
manifestation of a partial or complete inability of insects to 
synthesize sterols. The present investigation was undertaken 
to test this assumption and also to determine whether sterol 
synthesis in insects is singly or multiply blocked. 

The hide beetle Dermestes vulpinus Fabr. (Coleoptera) has been 
used because of its carnivorous feeding habits. In a forthcoming 
study these results will be compared with those obtained with 
an omnivorous insect. 


EXPERIMENTAL 


Insects and Their Rearing—The beetles used in this study were 
descendants of 27 D. vulpinus adults identified by Dr. William 
Brown of the Harvard Museum of Comparative Zoology. Fish 
meal ground to a fine powder and strained through No. 6 silk 
bolting cloth was the diet for these beetles and their descendants. 
When found deficient, the meal was fortified with Mazola corn 
oil and was strained again, before use, through bolting cloth to 
form a layer of food on the bottom of a 10 X 1} inch aluminum 
cakepan. A wad of cotton, saturated with water, was present 
to provide the adults with water (an absolute necessity if they 
are to be fertile (2)). From 50 to 75 adults were housed in each 
pan and this was covered by a square of cotton batiste material. 
Eggs were isolated before hatching by straining the fish meal 
every 3 days through No. 6 bolting cloth (2). The eggs were 
then added to the appropriate artificial diet. The adults were 
transferred to a new pan for continued propagation. The pro- 
cedures used for maintaining the beetle colonies are those de- 
scribed by Dick (2). 

All larvae were grown routinely on a completely defined 
artificial diet modified slightly from that established for Dermestes 
by Fraenkel (3),! and with the following composition: 


* Supported by grants-in-aid from the United States Public 
Health Service, the Life Insurance Medical Research Fund, the 
National Science Foundation, and the Eugene Higgins Trust 
Fund of Harvard University. 

This work is taken from a thesis submitted by A. J. Clark to 
the Graduate School of Arts and Sciences of Harvard University 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy. 

t Holder of a predoctoral Fellowship from the National Science 
Foundation. 

1G. Fraenkel, private communication. 


Casein (vitamin-free from Nutritional Bio- 50 parts 
chemical Company) 

Corn Starch (Argo from Corn Products Refining 20 parts 
Company) 

Fructose (Nutritional Biochemical Company) 30 parts 

Cholesterol (purified via the dibromide) 0.2 parts 

Salt Mixture USP XIV (Nutritional Biochemi- 2 parts 


cal Company) 


B Vitamin supplement 0.0026 parts 


A layer of this diet on the bottom of a cakepan was sufficient to 
feed 2 to 300 larvae until they pupated. Pupae were removed 
periodically to prevent cannibalism. The high moisture content 
of the food obviated the need for special drinking facilities. The 
beetles were kept in a constant environment of 25-27° and 60 
per cent relative humidity. 

Isolation of Lipids—Experimental animals were killed by 
immersion in absolute ethanol. They were then routinely ground 
in a mortar with the addition of washed and ignited sea sand. 
Lipids were extracted with absolute ethanol, ethanol-ether 3:1, 
and finally with ether. The combined extracts, taken to dryness, 
were saponified in 5 to 10 per cent methanolic KOH under an 
atmosphere of nitrogen. The nonsaponifiable lipids were ex- 
tracted from the alkaline mixture with ether (the ether extract 
was washed, in most cases, with aqueous 1 per cent KOH to 
insure separation from fatty acids). After acidification with 
sulfuric acid to pH 3 to 4, the saponifiable lipides were extracted 
into ether. 

Analysis of Lipids—Chromatography on alumina to separate 
constituents of the nonsaponifiable lipides (4) and separation of 
the sterol acetates on Woelm alumina of activity No. 2 were 
performed as described (5). Acetylations on the milligram scale 
were carried out essentially as described by Johnston et al. (6). 
For the separation of saturated from unsaturated hydrocarbons 
silicic acid (Merck) was washed with 1 n HCl, then with distilled 
water until free from chloride, and finally with methanol, chloro- 
form, and acetone. After the material had been oven dried it 
was strained and the 200-mesh particles were activated at 120° 
for 4 hours immediately before use. Fourteen g in a 2-cm 
(diameter) column were used in every case. Skellysolve B? 
125 ml, removed saturated hydrocarbons; a subsequent 100 ml 
of 20 per cent benzene in Skellysolve B eluted squalene. 

The majority of the radioactive samples counted were infinitely 
thin; corrections were made when necessary. Compounds were 
burned to BaCO; by the method of Van Slyke and Folch (7) 
modified by means of a nitrogen flow system. Barium carbonate 
samples were plated by centrifugation from a methanol sus- 


? The boiling point range is 60 to 70°; 90 per cent distills be- 
tween 64 and 68°. It is obtained from the Skelly Oil Com- 
pany, Tulsa, Oklahoma. 
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pension, thus furnishing a well packed uniform plate, and were 
corrected to infinite thickness by the use of data from this 
laboratory. Errors were calculated according to the method of 
Calvin et al. (8) and deviations are based on reliable error (9). 

Materials—All hydrocarbon solvents used were dried over 
sodium and distilled. Mallinckrodt anhydrous ether, kept over 
iron wire, was used for lipid extractions. 1-C'-Sodium acetate 
was synthesized in this laboratory from BaC™O;. Labeled 
acetic anhydride was prepared from this material, after dilution 
with carrier sodium acetate, by reaction with acetyl chloride 
and distillation of the product. Commercial cholesterol was 
purified via the dibromide (10) before use in the diet. De- 
activated alumina was prepared as described (4). 

Unlabeled squalene was obtained from the Eastman Kodak 
Company and purified by distillation under reduced pressure. 
Perhydrosqualene was prepared by catalytic hydrogenation of 
purified squalene. C'-Squalene was isolated from yeast in- 
cubated anaerobically with sodium acetate-1-C" (6). Mevalonic 
acid was kindly provided by Dr. James M. Sprague of the 
Merck, Sharp and Dohme Research Laboratories. Lanosterol 
was prepared from wool fat sterols (11). 24-Dehydrocholesterol 
benzoate was a gift of Dr. D. R. Idler. The sterol esters were 
saponified before use. Randomly labeled C™-fructose was the 
generous gift of Professor K. Thimann. 


RESULTS 


C'-Acetate Feeding Experiment—One thousand larvae were 
fed on 300 g of synthetic diet to which 230 mg of sodium 
acetate-1-C™ (total activity 5 x 108 c.p.m.) had been added. 
After 24 days, the larvae were killed. Lipids were extracted 
continuously, first by absolute ethanol and then by anhydrous 
ether, in a Soxhlet apparatus. The nonsaponifiable fraction 
isolated in the usual manner, weighed 31 mg and contained a 
total of 1.1 X 105 c.p.m. Alumina chromatography yielded 
only negligible amounts of radioactivity in the fractions with 
the approximate polarity of cholesterol, (Fractions 43-57, Table 
I). The chromatographic behavior of the two major radioactive 
materials (Fractions 1 and 15-29, Table I) was similar to that 
of squalene and lanosterol respectively and their identification 
was therefore attempted. 

Hydrocarbon Fraction—To 1.16 mg of hydrocarbon (Fraction 
1; 5, 500 c.p.m.) were added 47.6 mg of carrier squalene and the 
thiourea clathrate (12) prepared from the mixture by shaking 
with a saturated solution of thiourea in methanol. After de- 
composition of the clathrate with water, the recovered hydro- 
carbon was immediately converted to the hexahydrochloride 
(13). As shown by the results in Table II, the radioactive 
hydrocarbon does not form derivatives which are typical of 
squalene. 

For further characterization, 1,200 c.p.m. of the radioactive 
hydrocarbon and 8 mg of carrier squalene were chromatographed 
on 12 g of Woelm alumina, activity No. 1, on a 1l-cm column. 
On elution with Skellysolve B, 1,000 c.p.m. (83 per cent) were 
recovered in the first 50 ml of solvent whereas the authentic 
nonradioactive squalene failed to emerge until eluted with 
benzene. Chromatography on silicic acid was equally effective 
for separating squalene and the Dermestes hydrocarbon; the 
latter could be eluted immediately with Skellysolve, but the 


3H. Anker, unpublished method. 
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TaBLeE I 
Chromatography of nonsaponifiable lipides from Dermestes larvae 
fed sodium acetate-1-C'*, 5 X 10® c.p.m. 
Deactivated alumina, 10 g, on a 1.5-cm column; the volume of 
each fraction collected (1 to 57) was 20 ml. 














Solvent | Fraction Total activity 
C.p.m. " 
ee eee | 1 | 49,000 
5% benzene in Skellysolve. .| 15-29 33,400 
20% benzene in Skellysolve..... .| 43-57 340 
eye veel 100 ml 380 
SOTTO OE 100 ml 150 
Ethylacetate-methanol, 1:1...... 100 ml 960 
TaBLeE II 


Identification of Dermestes larvae hydrocarbon; 5,500 c.p.m. + 
48 mg of carrier squalene 





Specific activity* 





“Squalene”’ from column chromatogra- | 
58 


(EA eee eonhied 
“‘Squalene”’ from thiourea clathrate... 18 
Squalene hexahydrochloride....... 0 





* C.p.m. of BaCO,, corrected for infinite thickness. 


squalene remained absorbed until eluted with 20 per cent benzene 
in Skellysolve. 

An infrared spectrum of the hydrocarbon in CS, showed no 
characteristic absorption bands. In particular, the band at 5.99 
pw and the broad band around 12 yu, both characteristic of the 
triply substituted double bonds found in squalene, were absent. 
On the other hand a very conspicuous band appeared at 13.9 yp, 
indicative of four or more adjacent methylene carbons; this band 
is not present in squalene. 

The molecular weight of the hydrocarbon was determined by 
isothermal distillation (14) with recrystallized azobenzene as the 
standard and cyclohexane as the solvent. The average value 
obtained from two determinations (343, 349) was 346. Using 
this average molecular weight, a C-methy] determination of the 
hydrocarbon was carried out according to Kirsten and Stenhagen 
(15). The oxidations were performed in a sealed glass tube (wall 
thickness 2 mm, inside diameter 13 mm) fastened to the shaft 
of a “Vibro-Mischer” (AG. fiir Chemie-Apparatebau, Ziirich) to 
obtain violent agitation. The tube was submerged to 3? of its 
length in a paraffin oil bath and heated to 140—145° for 6 hours. 
The acetic acid obtained on steam distillation was titrated with 
standard base in a nitrogen atmosphere. Authentic perhy- 
drosqualene when analyzed by this method gave an average 
value of 3.92 C-methyl groups per molecule, or 66 per cent of 
theory. The radioactive beetle hydrocarbon yielded 1.7 mole- 
cules of acetic acid per molecule and this contained 14 per cent 
of the radioactivity present in the hydrocarbon oxidized. 

Alcoholic Fraction (‘‘L’’)—An aliquot of the radioactive alcohol 
“L” (Fractions 16-25, Table I) containing 2,200 c.p.m. was added 


to 2.2 mg of nonradioactive lanosterol. The mixture was 


acetylated and the acetates chromatographed on 4 g of Woelm 
alumina grade No. 2 with Skellysolve B both for application 
The weights and radioactivities of the eluted 


and elution. 
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fractions were plotted (Fig. 1); the results show that the acetates 
of the radioactive alcohol and of lanosterol had completely 
separated. To distinguish between primary and secondary 
alcohol functions, “‘L’’ was oxidized by chromic acid in acetone 
(16,17). The products were acidic as shown by their resistance 
to elution from alumina except by 6 per cent acetic acid in 
ethylacetate, and by their conversion to less polar materials after 
treatment with diazomethane. 

“L.” was further characterized by its infrared spectrum meas- 
ured in CS2. The small sharp band at 2.8 uw and a broad band 
centering around 9.5 uw confirm the presence of an alcoholic 
group, while the very strong band due to carbon-hydrogen 
stretching and the obvious band at 13.9 uw indicate its pre- 
dominantly hydrocarbon nature. 

The average molecular weight of radioactive “L’’ was de- 
termined by acetylating it with C'-acetic anhydride and meas- 
urement of the resultant increase in radioactivity. First, the 
specific activity of the reagent was determined by acetylation 
of cholesterol, an alcohol of known molecular weight. From the 
value obtained and the specific activity of acetylated “‘L,” the 
molecular weight of the unknown is calculated to be 437 + 17 
(Table III). This compares with molecular weights of 424, 438, 





1000 


800 


600 
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400 


200 











FRACTION NUMBER 


Fie. 1. Cochromatography of radioactive ‘“L’’ acetate 
(O——O, ¢.p.m.) and unlabeled lanosteryl acetate (O-----O, ug) 
on 4g of Woelm alumina, activity No. 2; the solvent was Skelly- 
solve B and the volume of each fraction was 9 ml. 


TaBLeE III 
Molecular weight of radioactive alcohol ‘‘L’’ 





Specific activity* 











C'*-Acetate of radioactive “‘L’’................... 8970 + 169 

C'8-Acetate of radioactive ‘‘L’’................... 2040 + 52 

NG a clade «kd wave oasis tces waelwwe 6930 + 177 

C*-Acetate of cholesterol......................005 7080 + 166 

M.W.t of ‘‘L’’ acetate 

M.W. of cholesterylacetate 

- 8.A. of cholesterylacetate _ 7080 + 166 

S.A. of “L”’ acetate ~ 6930 + 177 

Molecular weight of “‘L’’ acetate = 437 + 17 

Molecular weight of “L’? = 395 + 17 





* C.p.m./mg of infinitely thin samples. 
+ M.W., molecular weight; 8.A., specific activity. 
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TaBLe IV 
Chromatography* of nonsaponifiable lipids from Dermestes 
larvae fed sodium acetate-1-C'4 in presence of 
limiting amounts of cholesterol 











Solvent | Total activity} 
ml c.p.m,. 

Total nonsaponifiable..... 35,000 
Hydrocarbon, saturated. .| Skellysolve, 20 | 14,800 
Aliphatic alcohol. ........ 5-10% benzene in Skelly-| 5,200 

| solve, 220 | 
SE oars te iS Si a bon | 50% benzene in Skelly- | 650 

| solve, 40 
Saponifiable lipids........ | 550, 





* Deactivated alumina, 2 g. 


TABLE V 


Chromatography* of nonsaponifiable lipids from Dermestes 
larvae fed C'4-fructose (2.25 X 107 c.p.m.) 








Solvent =a activity 
| ml c.p.m. 
Total nonsaponifiable.... | | 40,000 
Hydrocarbon............. | Skellysolve, 20 | 5,800 
Aliphatic alcohols. .......| 6% benzene in Skelly- | 650 
| solve, 180 | 
ee él 30% benzene in Skelly- | 2,500 
| solve, 180 | 
Saponifiable lipids........| | 1.2 X 10° 





* Deactivated alumina, 2 g. 


and 452, respectively, for the acetates of Cos, Ca, and Cx 
aliphatic alcohols. 

When ‘“‘L” was compared with ceryl alcohol (a mixture of wax 
alcohols with C2sHss0H predominating) the two compounds 
showed similar chromatographic behavior, both as the free 
alcohols and as the acetates. Compound “L” therefore has all 
the properties of a primary aliphatic alcohol of high molecular 
weight (27 + 1 carbon atoms). 

Feeding of C'*-Acetate and Minimal Quantities of Cholesterol— 
One g of synthetic diet containing 0.016 per cent cholesterol! 
and 1 X 10’ c.p.m. of 1-C"-acetate was fed to 10 larvae for 22 
days. The lipids from the larvae were isolated in the usual 
manner, and saponified after addition of 1 mg of carrier cho- 
lesterol. The nonsaponifiable fraction was chromatographed on 
2 g of deactivated alumina with the results shown in Table 
IV. Examination of the hydrocarbon fraction gave no evidence 
for the presence of squalene. The alcohol fractions eluted by 
10 per cent and 50 per cent benzene were analyzed for radio- 
active sterol by acetylation, and chromatography of the acetates 
on 4 g of Woelm alumina of activity No. 2. The radioactivity 
and the weight (cholesterol) of the eluted fractions were clearly 
separated, indicating the absence of any radioactive, cholesterol- 
like sterol. 

Feeding of C'*-Fructose—To test the possibility that Dermestes 
might utilize another carbon source for sterol synthesis, 10 
newly hatched larvae were reared on 1 g of diet containing 2 
mg of cholesterol and 2.25 x 10’ c.p.m. of randomly labeled 


‘ This concentration of cholesterol meets the minimum choles- 
terol requirement of Dermestes vulpinus as shown in the second 
paper of this series. 
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TaBLe VI 


Replacement or sparing of dietary cholesterol by sterols 
or sterol precursors 





No. of | No. of |Average time 








Additions to 6 g of diet Amount | ierves | pupae | we ae 
cm mg days 
Cholesterol.............. ar :.) 404 464 @ 
Cholesterol............. 0.25; 10 | 0 | 2% 
Mevalonic acid............ 70 5 | 5 | 38 
Mevalonic acid....... 70 | 10 0 19 
Mevalonic acid........ 12 10 | O | 21 
Mevalonic acid........... ; 70 

+ cholesterol.......... ..| 0.25 5 | 5 40 
Mevalonie acid..... pao nies 70 

+ cholesterol...... 0.12; 10 | O 20 
Mevalonic acid....... ; 12 | 

Sere 0.25 | 10 | 0 | 27 
Gene ; 5 occ 5... Pine 5 | ey -® 25 
rr 5 10 | 0 18 
NII. 5 casi oes cess 5 

+ cholesterol......... oe 0.25 | 10 3 
eer ee 5 5 

+ cholesterol.......... : 0.25; 8 0 31 
er ores 5 

+ cholesterol.............. 0.06 | 10 0 21 
Ee 30 10 0 22 
ee 30 

+ cholesterol............ 0.25; 8 0 45 
A8-4,4-Dimethylcholesterol*....| 30 | 10 | O | 19 
Zymosterolf......... ge 100 | 20 Sie? 16 
24-Dehydrocholesterol....... 1 | 8 | Ss 40 





* This compound is readily converted to cholesterol in the rat 
although it is not a normal intermediate in cholesterol synthesis 
(18). 

+ Experiment of Fraenkel et al. (19). 


C'-fructose. After 25 days the diet had been consumed where- 
upon the larvae were killed. Analysis of the nonsaponifiable 
fraction by chromatography on 2 g of deactivated alumina 
showed a labeling pattern (Table V) similar to that obtained in 
feeding experiments with C™-acetate. The peak containing the 
aleohols (30 per cent of the recovered activity) was delayed in 
this chromatogram and partly coincided with the sterol fraction. 
It was, however, completely separated from sterols by chroma- 
tography of the acetates on 4 g of Woelm alumina of activity 
No. 2. The chromatographic behavior of the alcoholic fraction 
suggests that it is identical with the aliphatic alcohol “‘L”’ 
scribed above. 

Feeding Experiments with Sterol Precursors'—Various com- 
pounds known to be sterol precursors in the rat were tested as 
cholesterol substitutes (Table VI). None of these substances 
supported the growth of Dermestes. Negative results® were also 
obtained when a small quantity of cholesterol, unable to support 
growth by itself (0.25 mg per 6 g of diet), supplemented the 
diets containing the various precursors. The substances tested 
are therefore unable to spare cholesterol. The larvae grow 
normally on diets supplemented with 24-dehydrocholesterol. 


de- 


5 The bioassay used is described in detail in the following paper. 

® Although two of the experiments with mevalonic acid were 
positive, these results were not reproducible. Attempts to feed 
C'*-mevalonic acid with a cholesterol-supplemented diet were un- 
successful because of the toxicity of the radioactive material. 


A. J. Clark and K. Bloch 
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DISCUSSION 


The present experiments clearly show that larvae of D. vulpinus 
do not incorporate dietary C'-acetate or C' fructose into cho- 
lesterol or related sterols. These organisms, however, utilize 
acetic acid for the synthesis of other nonsaponifiable lipides one 
of which is a hydrocarbon, and the other an alcohol. Although 
reminiscent of squalene and lanosterol respectively in chroma- 
tographic behavior, these two materials proved to be structurally 
unrelated to any known intermediates in sterol biogenesis. 

In a previous report, the radioactive hydrocarbon formed by 
Dermestes from C'*-acetate was stated to be squalene on the 
grounds that it formed a clathrate with thiourea (20). This 
characterization was clearly insufficient since, as the data in 
Table II show, the hydrocarbon fails to form the hexahydro- 
chloride which is a more typical derivative of squalene. Further- 
more the hydrocarbon proved to be sufficiently nonpolar to per- 
mit separation from squalene by chromatography on either 
alumina or silicic acid. In agreement with the chromatographic 
behavior, the infrared spectrum of the compound was that ex- 
pected for a saturated hydrocarbon rather than of squalene. 
That the hydrocarbon is unbranched and therefore not a reduc- 
tion product of squalene became clear from the results of the 
C-methyl determinations. The molecular weight of 346 is 
consistent with the formula of a Ca- or C25-acyclic hydrocarbon. 
Based on this value, 1.7 C-methyl groups were found per mole- 
cule which is the number expected for a straight chain hydro- 
carbon. The absence of perhydrosqualene was decisively 
established by determining what fraction of the total radio- 
activity was present in the acetic acid produced by Kuhn-Roth 
oxidation. Like squalene itself (21) any perhydrosqualene 
synthesized from 1-C™ acetate should yield on degradation 6 
labeled molecules of acetic acid with half of the total radio- 
activity. On the other hand, a C2;-unbranched hydrocarbon 
such as n-pentacosane containing the same number of labeled 
carbon atoms would yield on oxidation only } of the total ac- 
tivity in the form of acetic acid. Correcting for the quantities 
of acetic acid actually obtained in this procedure (approximately 
80 per cent of theory) the fractions of the total activity appear- 
ing in acetic acid should be 4+ when n-pentacosane is oxidized 
and } on oxidation of perhydrosqualene. The experimental 
value was in close agreement with that expected from the 
straight chain hydrocarbon. 

Compound “L,” the other nonsaponifiable product that is 
synthesized from acetate by Dermestes, was found to have a 
molecular weight of 395 + 17, to behave similarly to cery]l alcohol 
chromatographically, and to be oxidizable to acidic products. 
These properties strongly suggest that ‘“‘L”’ is a primary aliphatic 
alcohol and not a sterol. 

The occurrence of homologous saturated hydrocarbons (odd 
numbered C2; to C35) and primary alcohols (even numbered Cay 
to C3.) in insect waxes is well documented (22), and it is probable 
that “‘L”’ and the hydrocarbon from Dermestes are such mix- 
tures. The similarity between the molecular weights of the 
alcohols and the hydrocarbons isolated from Dermestes is sug- 
gestive of a metabolic relation between the two types of com- 
pounds. Their derivation from acetate is not unexpected since 


it has been shown by Stetten and Schoenheimer (23) that in the 
rat fatty alcohols can originate by the reduction of fatty acids 
which in turn are condensation products of C--units. 

In all of the present experiments the diet fed to the larvae 
contained cholesterol and the possibility had to be considered 
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that its presence affected the utilization of acetate for sterol 
synthesis. It is well known that in rats the addition of relatively 
large amounts of cholesterol to the diet markedly reduces cho- 
lesterol synthesis from acetate (24, 25), presumably because the 
normal pathway is blocked between acetate and mevalonic acid 
(26, 27). For this reason the utilization of labeled acetate in 
larvae maintained on minimal amounts of sterol was determined 
(Table IV). Even under these conditions, however, no trace of 
labeled sterol could be detected, saturated hydrocarbons and an 
“L”-like alcohol appearing again as the only radioactive ma- 
terials in the nonsaponifiable fraction. 

Although acetic acid can serve as a sterol precursor in all 
organisms in which sterol synthesis occurs, the existence in 
Dermestes of a specialized pathway not utilizing acetate could 
not be ruled out a priori. A feeding experiment with the use of 
C'-fructose as a more generalized carbon source was therefore 
carried out (Table V). The results obtained, however, failed to 
show any differences between the types of nonsaponifiable lipids 
synthesized from C'-fructose and those observed in the feeding 
experiments with C'-acetate. 

The evidence presented here seems conclusive that sterol 
synthesis from acetate is blocked in larvae of Dermestes. Fur- 
thermore, it would appear to be a multiple rather than a single 
block which is responsible for this defect. Thus, feeding experi- 
ments with various known sterol precursors (Table VI) gave no 
evidence for the presence in Dermestes of any of the known 
intermediary reactions of sterol biogenesis. Mevalonic acid, 
squalene, lanosterol, A’-4 ,4-dimethylcholestenol, and zymosterol 
(19) cannot replace cholesterol nor do they show any sparing 
activity. Since none of these intermediates are converted to 
cholesterol, the synthetic pathway to sterols must be blocked at 
more than one stage. In fact, the indications are that Dermestes 
lacks the entire machinery for sterol synthesis. However, an 
alternative explanation for these results must be considered, 
namely that the intermediates are not absorbed from the in- 
testinal tract and, therefore, can not be utilized. This alterna- 
tive is, for obvious reasons, difficult to test experimentally in the 
insect. 

Of the compounds tested in the present experiments, only 
24-dehydrocholesterol (desmosterol), a precursor of cholesterol 
in the rat (28) supported the growth of the insect larvae. 
Whether 24-dehydrocholesterol is utilized because Dermestes 
contains the appropriate hydrogenase for converting it to cho- 
lesterol or whether it is utilized directly, cannot be decided on 
the basis of the present experiments. At any rate, the growth- 
supporting properties of 24-dehydrocholesterol, and of 7-dehydro- 
cholesterol, as Fraenkel et al. have shown (19), suggest that 
terminal hydrogenases may be the only enzymes of the cho- 
lesterol pathway which Dermestes has retained or developed. 

In addition to D. vulpinus, 18 species of insects have been 
shown to require dietary cholesterol for growth and develop- 
ment (29). It would be tempting to conclude from these nutri- 
tional data and from the isotopic evidence presented here that 
the inability to synthesize sterols is a metabolic defect char- 
acteristic of the entire phylum. It should be kept in mind, 


however, that there exist several hundred thousand species of 
insects and that it would be premature therefore to generalize 
from the nutritional requirements of the few species that have 
been studied. Also, the most primitive insects such as the 
Odonata (‘dragon flies”) or the Thysanura (‘silver fish’), which 
should be of great interest in this regard, are still untested. 
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SUMMARY 


1. Larvae of the beetle Dermestes vulpinus reared on diets 
containing 1-C'-acetate or randomly labeled C™-fructose failed 
to form radioactive squalene or sterols. 

2. The nonsaponifiable matter isolated from these insects 
contained two radioactive fractions. One of them is shown to 
be a saturated aliphatic hydrocarbon, or mixture of hydrocarbons, 
with an average molecular weight of 346 and an unbranched 
carbon chain. The second fraction has been characterized as a 
primary aliphatic alcohol with an average molecular weight of 
395 + 17. 

3. The cholesterol necessary for the growth of Dermestes 
larvae cannot be replaced or spared by mevalonic acid, squalene, 
lanosterol, or A®-4,4-dimethylcholestenol. It is suggested that 
the pathways of cholesterol biogenesis are multiply blocked in 
this organism. 

4, 24-Dehydrocholesterol can substitute for cholesterol in 
supporting the growth of Dermestes larvae. 
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In the preceding paper (1) we have investigated the metabolic 
basis for the sterol requirements of insects and have provided 
evidence to show that in the case of the beetle Dermestes vulpinus 
cholesterol biogenesis is multiply blocked. While the lack of 
sterol synthesis seems to be a metabolic defect common to all 
insects, the requirements for specific sterols vary widely among 
insect species. Cholesterol has been generally used as the dietary 
supplement and it supports growth and development equally 
well in all the insects examined. However most insects can be 
reared on sterols other than cholesterol as long as the sterols 
contain a 6-hydroxyl group at C-3 in the normal steroid ring 
system and a hydrocarbon side chain. Substituents at C-24 
(as in plant and fungal sterols), double bonds in the side chain 
(stigmasterol and ergosterol), or even the lack of a nuclear double 
bond (cholestanol and tetrahydrostigmasterol) do not abolish 
biological activity, though they render the sterols less active in 
some cases. This generalization, however, holds only for insects 


| which are omnivorous, herbivorous, or feed on plant products. 
» 509 | : ' _ , 
| For carnivorous insects such as the hide beetle D. vulpinus and 


r, B. | 


the related Attagenus piceus only cholesterol and the closely 
similar 7-dehydrocholesterol and 24-dehydrocholesterol are 
satisfactory sterol sources. The results cited are the contribu- 
tions of many investigators and are summarized in several recent 
review articles (2-4). 

The objective of the present study was to ascertain whether 
the requirement for a cholesterol-type sterol by Dermestes is 
absolute. To this end various sterols which do not support the 
growth of Dermestes by themselves were tested for cholesterol- 
sparing activity. Underlying this approach was the hypothesis 
that the function of sterols in insects is 2-fold: (a) to provide 
the precursors for one or more metabolites which are themselves 
physiologically active (metabolic role), and (6) to serve as an 
essential cellular component without undergoing any metabolic 
alterations (structural role). Cholesterol, according to this 
hypothesis, can perform both of these functions. On the other 
hand, sterols capable of only partially replacing cholesterol for 
Dermestes might be able to perform one of these essential func- 
tions and thereby spare cholesterol. To test this possibility was 
the purpose of the experiments to be described. Support for 
the hypothesis of a dual function will be presented and it will 
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become clear why, for these purposes, Dermestes is a singularly 
suited test organism. 

The metabolic role of cholesterol in Dermestes was further 
examined by testing various steroids, known to be physiologically 
active in higher animals, for their ability to replace or spare 
cholesterol. 


EXPERIMENTAL 


All experiments were carried out with newly hatched D. 
vulpinus larvae. Eggs were isolated (5) and placed on a small 
amount of sterol-free, artificial diet. Twelve hours after isola- 
tion of the eggs, the newly hatched larvae were removed and 
placed on the experimental diet. Thus the experimental ani- 
mals were never allowed to eat any sterol-containing material 
except the diet described. 

Each larva was placed in a test tube (13 x 100 mm) which 
had an opening on the bottom side providing simultaneously 
ventilation, a watering site, and easy access to the insect. Both 
the top and side holes were plugged with cotton. 

Ten larvae usually constituted one experiment, and 6 g of 
diet, when divided equally among the 10 tubes, were sufficient 
to feed the larvae until pupation. The basic diet was that 
described in the preceding paper (1) except that the nature and 
the concentration of the sterol was varied. Small amounts of 
sterols and steroids were dissolved in a known volume of organic 
solvent (previously distilled). Aliquots of the solutions were 
added to the sterol-free diet in a mortar, the material mixed 
thoroughly with the diet, and the organic solvent allowed to 
evaporate. 

The experimental animals were then observed at 3- to 5-day 
intervals until pupation or death, and if they pupated, were 
further observed until emergence of the adult. If an animal 
died during the first or sometimes second instar it was replaced 
with a newly hatched larva. All such deaths were considered to 
be premature and the result of congenital abnormalities. Any 
deaths in the third or later instars were attributed to the de- 
ficiency of the diet. 

All animals were kept at 27° and at 60 to 70 per cent relative 
humidity. 

Materials—Melting points were taken in a sealed evacuated 
tube. Cholesterol (m.p., 147-149°) was a commercial product 
purified via the dibromide (6). §-Sitosterol (m.p., 136.5- 
137.5°), a commercial product obtained as a gift from L. Light 
and Company, Ltd., was purified via the dibromide. Cho- 
lestanol (m.p., 143-144°) was prepared by hydrogenating purified 
cholesterol in ethyl acetate with platinum as the catalyst. 
Stigmasterol (m.p., 170-171°) was a gift from Professor L. F. 
Fieser. 

A’-Cholestenol (m.p., 125-126°) was synthesized in a man- 
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ner similar to that described (7). 7-Dehydrocholesteryl acetate 
(m.p., 128-129°), 200 mg, was dissolved in 5 ml of ethyl acetate 
and the solution diluted with 5 ml of 95% ethanol. Raney 
Nickel W2, 100 mg, was added to this solution and the mixture 
hydrogenated for 2 hours at 25-30°. After removal of the 
nickel and evaporation of the solvent, the remaining solid was 
crystallized from aqueous acetone. The material (m.p., 117.5- 
119.5°; 115 mg), which showed no ultraviolet absorption be- 
tween 250 and 300 my, was collected. Saponification, chroma- 
tography on alumina, and crystallization afforded the free sterol; 
m.p., 125-126° (reported 123—-125° (7)). 

224Dehydrocholesterol (m.p., 127-130°), a synthetic prepara- 
tion, was a gift from Professor W. Bergmann. Ergosterol (m.p., 
163-164°) was a commercial product recrystallized from ethanol- 
benzene 3:1. 

22-Dihydroergosterol was prepared essentially according to 
the method of Inhoffen (8). Ergosteryl acetate (m.p., 176- 
177°), 4.8 gm, and 13 gm of maleic anhydride (freshly sublimed) 
in 100 ml of xylene were heated under reflux for 10 hours and 
then the xylene was removed in a stream of nitrogen. From the 
crystalline residue the adduct was extracted with Skellysolve 
and crystallized from ether, although with some difficulty. Two 
products were obtained, one melting at 215-216° and the other 
at 150-151°. The lower melting material had no ultraviolet 
absorption between 250 and 300 my and showed the characteristic 
absorption bands for anhydrides in the infrared (5.4 and 5.6 yw). 
This material, 540 mg, was hydrogenated over platinum in 
ethyl acetate at room temperature. The resulting product 
showed an infrared absorption spectrum identical with that of 
the starting material except for the loss of the band at 10.3 u 
which is characteristic for trans disubstituted double bonds. 
Two methods for regenerating the sterol from the adduct were 
tried; both gave 10 to 20 per cent yield of impure sterol: (a) 
heating at 230-245° for 40 minutes to 6 hours at a pressure of 
20 mm of mercury, and (6) refluxing in Decalin (b.p., 190°) with 
a 10-fold excess of anthracene for 4 to 36 hours. On cooling, 
anthracene crystallized from the reaction mixture. Sterol 
acetate may be recovered from the supernatant by chroma- 
tography on Woelm alumina No. 2. Sterol acetate, 40 mg, 
obtained by these methods was chromatographed on Woelm 
alumina, grade 2, yielding 20 mg of material with an E = 7,600 
at 281.5 my. Crystallization of this material from aqueous 
acetone afforded 10 mg of sterol acetate with an E = 10,900 at 
281.5 my. The acetate was saponified, chromatographed on 
alumina, and crystallized from 95 per cent ethanol to yield the 
free sterol; m.p., 153-154° (reported 153° and E = 9,700 at 
281.5 my (9)). 

A’ -Ergostadienol (m.p., 173-175°) was obtained by saponi- 
fication of the acetate which was generously donated by Dr. 
John D. Garber of Merck Sharp and Dohme Research Labora- 
tories. A’-Ergostenol (m.p., 149-150°) was synthesized in a 
manner similar to that described by Wieland and Benend (10). 
A’ ?_Ergostadienyl acetate, 100 mg, was reduced over platinum 
in ethyl acetate solution until 1 mole of hydrogen had been 
absorbed. Crystallization of the resultant material from aqueous 


acetone afforded crystals melting at 158-160°. Saponification, 


chromatography, and crystallization yielded the free sterol; m.p., 
149-150° (reported 148° (10)). 

140-141°) was obtained from the non- 
Desmosterol (24-dehydro- 


Lanosterol (m.p., 
saponifiable fraction of yeast (11). 
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cholesterol) was obtained by saponification of the benzoate 
furnished by Dr. D. R. Idler (m.p., 128°). 

Deoxycholic acid was a commercial product from the Califor- 
nia Foundation for Biochemical Research. It was purified by 
reversed phase chromatography on hydrophobic kieselguhr ac- 
cording to Danielsson (12). The stationary phase consisted of 
40 ml of Skellysolve and 10 ml of chloroform, and the moving 
phase of 158 ml of isopropanol and 142 ml of distilled water, 
Taurocholic acid was a commercial product (sodium taurocholate) 
from General Biochemicals, Inc. The acid was obtained from 
the salt by ion exchange with Dowex 50 (hydrogen form) and 
then purified according to Norman (13). Cholic acid was a 
commercial product obtained from Eastman Kodak Company, 
and vitamin D; (m.p., 84-85°), Batch No. 2433 from Mann 
Research Laboratories. 

A®-Pregnen-3-ol-20-one (m.p., 
Professor L. F. Fieser. 


186-187°) was a gift from 


RESULTS AND DISCUSSION 


The minimal dietary concentration of cholesterol necessary for 
larval growth and pupation was first determined and found to 
be approximately 1 mg per 6 gm of diet as shown in Table I. 
At lower levels of cholesterol the larvae grew little and failed to 
pupate. A cholesterol concentration of 0.25 mg in 6 g of 
diet was chosen to test if supplementation with other sterols 
would restore larval growth and development. When this sub- 
minimal amount of cholesterol was supplemented with either 
B-sitosterol or cholestanol, the larvae grew to pupation and 
formed normal adults, although neither of these two sterols alone 
supported growth (Table II). Evidently they are utilized and 
can replace a portion of the cholesterol required for growth. 


TABLE I 
Determination of minimal concentrations of dietary cholesterol 





Cholesterol additions | Average time to 


No. of larvae No. of pupae 














to 6 g diet pupation or death 
mg | nal | mm “a 
4 5 4 | 48 
2 5 3 | 53 
1 | 5 5 50 
0.50 5 0 | 55 
0.25 | 5 0 25 
0.25 | 10 0 | 26 
TaBLeE II 


Sparing action of B-sitosterol and cholestanol 





| Average time 








Additions to 6 g diet \No. of larvae = of pupae | to pu ation 
eath 
| | | days 
8-Sitosterol, 30 mg. | 7 | 0 | 47 
8-Sitosterol, 30 mg oy choles- 
terol, 0.25 mg............. | 10 | 9 | 
8-Sitosterol, 5 mg + cholesterol,| | | 
ie Reale namie | 1 | 10 | 45 
B-Sitosterol, 1 mg + choles- | 
terol, 0.25 mg............... | 10 a =a 
Cholestanol, 1 mg.......... 10 0 29 
Cholestanol, 1 mg + choles- | 
terol, 0.25 mg. ............-. | 10 1 «=| 40 
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TABLE III 


Attempt to determine minimal amount of cholesterol 
necessary for supplementing B-sitosterol 





Average time 


Additions to 6 g diet No. of larvae |No. of pupae | to pupation 








or death 
days 
s-Sitosterol, 1 mg + choles- 
terol, 0.12 mg. .... 10 9 40 
8-Sitosterol, 1 mg + cholesterol, | 
0.060 mg. .... 10 | 9 44 
8-Sitosterol, 1 mg + choles- 
terol, 0.030 mg. . 10 10 42 








At least one of the normal functions of cholesterol can therefore 
be performed by 8-sitosterol or cholestanol. That the portion 
of cholesterol which is dispensable and can be replaced by 
-sitosterol is very substantial, is shown by the data in Table 
III. Normal growth and pupation occurred when as little as 3 
per cent of the sterol mixture was cholesterol. It is clear from 
these quantitative relationships that the demands for cholesterol 
itself are in a range in which vitamins are active. 

According to our working hypothesis, sterols are needed for 
both metabolic and structural purposes and the question arose 
as to which of the two functions 8-sitosterol (or cholestanol) 
assumes. If cholesterol were essential only for the purpose of 
providing bile acids, steroid hormones, and vitamin D (metabolic 
function) then 8-sitosterol should satisfy the structural require- 
ment and a combination of the various steroid metabolites with 
8-sitosterol should support larval growth. Conversely, if cho- 
lesterol were specifically required for structural purposes and 
B-sitosterol were convertible to the various metabolic products, 
then subminimal amounts of cholesterol, when supplemented 
with the steroid metabolites, should permit normal growth. 
The results of experiments in which either 6-sitosterol or small 
amounts of cholesterol were supplemented with bile acids, A*- 
pregnenolone, and vitamin D; are shown in Tables IV and V. 
As a source of bile acids, both deoxycholate and taurocholate 
were used. Glycocholic acid was not tested. Pregnenolone, 
the commonly accepted precursor of all naturally occurring 
steroid hormones, was included as the source of hormones. The 
outcome of these experiments, designed to satisfy part of the 
sterol requirement of Dermestes by the known mammalian steroid 
The slight benefit afforded 
by the addition of the metabolites in one experiment (Table IV) 
was considered to be without significance.!. The possibility that 
one or more of the metabolites were toxic to the insects in the 
concentrations used was tested by raising the cholesterol con- 
centration in these experiments to 1 mg, the level at which it 
supports growth (Table VY). Growth was normal under these 
conditions ruling out toxicity as a factor responsible for the 
negative results. 

One possible explanation for the lack of utilization of the 
steroid metabolites is inadequate absorption from the intestinal 
tract. It would seem more likely, however, that the metabolites 
do not have the chemical structures appropriate for the insect 
organism. Pregnenolone, deoxycholic acid, taurocholic acid, 


metabolites, was entirely negative. 


1In an early series of experiments positive results were ob- 
tained with bile acids or bile salts which had not been chromato- 
graphically purified. A slight contamination of these materials 
with cholesterol would account for these results. 


Yiim 


and K. Bloch 


and vitamin Ds; are physiologically active in the mammalian 
organism but whether they are formed and play any role in 
insects also is unknown. There is only circumstantial evidence 
for sterol metabolism of any kind in this phylum. Two lipid 
hormones have been isolated from insect tissues (14, 15) but 
their structures have not yet been determined. The cholesterol 
side chain can be shortened apparently with the formation of 
acidic products as shown by experiments with acetone powders 
of sawfly larvae (Neodiprion pratti, Dyer (16)) but whether these 


TaBLe IV 


Sterol metabolites as supplements 





| 

|Average time 
to pupation 

| or death 


Additions to 6 g diet No. of larvae |No. of pupae 


days 


B-Sitosterol, 1 mg 10 | 3%" 7 35 

8-Sitosterol, 1 mg + 10 
deoxycholic acid, 0.10 mg 
pregnenolone, 0.10 mg 


vitamin D;, 0.10 mg 


B-Sitosterol, 1 mg + 10 1 (1) 43 
taurocholic acid, 0.10 mg 
pregnenolone, 0.10 mg 
vitamin D;, 0.10 mg 


Cholestanol, 1 mg + 10 0 31 
taurocholic acid, 0.10 mg 
pregnenolone, 0.10 mg 
vitamin D3;, 0.10 mg | 





those which die before adulthood or give rise to abnormal adults. 


TABLE V 


Sterol metabolites as supplements 


| Average time 
to pupation 
or death 


Additions to 6 g diet No. of larvae |No. of pupae 


days 
Cholesterol, 0.25 mg 10 0 26 


Cholesterol 0.25 mg + 10 0 20 
taurocholic acid, 0.52 mg 
pregnenolone, 0.41 mg 
vitamin D;, 0.10 mg 


Cholesterol, 0.25 mg + 10 0 21 
deoxycholic acid, 0.50 mg 
pregnenolone, 0.41 mg 
vitamin D;, 0.10 mg 


| 
Cholesterol 1.0 mg + 10 9 
taurocholic acid, 0.52 mg 
pregnenolone, 0.41 mg | 
vitamin D;, 0.10 mg 
Cholesterol, 1.0 mg + 10 10 39 
deoxycholic acid, 0.50 mg 
pregnenolone, 0.41 mg 
vitamin D;, 0.10 mg 
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products are of the bile acid type is not known. Also, it is a 
matter of controversy whether vitamin D is necessary for the 
growth of insects (17-19). 

For the reasons given the experiments with the mammalian 
steroids do not answer the question whether in insects dietary 
sterol undergoes metabolic transformations analogous to those 
occurring in higher animals. This line of work has been aban- 
doned because steroid metabolites, other than those already 
tested, cannot be selected on any rational basis. 

Further evidence for the dual function of sterols in insects has, 
however, been obtained by testing various additional compounds 
for sparing activity. These experiments have served to define, 
to some extent, the structural features needed for sparing action 
and also the metabolic capacity of Dermestes for modifying 
dietary sterols. The compounds tested, again in combination 
with subminimal amounts of cholesterol, are listed in Table VI. 

It is seen that the cholestane derivatives cholestanol and 
A’-cholestenol are fully active in sparing cholesterol but that 
they cannot replace it. The insect is thus unable to introduce a 
double bond at the 5,6 position to form cholesterol from cho- 
lestanol or to convert A’-cholestenol to 7-dehydrocholesterol. 
The latter dienol replaces cholesterol for Dermestes, as Fraenkel 
et al. (20) have shown. The insect also appears to lack the 
ability for saturating certain double bonds, e.g. those at the 
22,23 position in the sterol side chain. Thus 22-dehydrocho- 
lesterol only spares but does not replace cholesterol. Moreover, 
among the Ces and Cx compounds, none of which support growth 

















\ 


TaBLe VI 
Sparing experiments 
| | . | Average 
Additions to 6 g diet eee) oe | pepation 
| | | or death 
| days 
p-Bisesteral, 1 mg..................555. 10 | 1(1)*| 35 
B-Sitosterol, 1 mg + ‘cholesterol, 0. 25 mg) 10 | 10 38 
Gtinmastercl, 1 mg. .....0.6.cccceceess | 10 | 0 | 30 
Stigmasterol, 1 mg + cholesterol, 0.25 | | 

Tacit ick dan sta na casuesinkese | 10 | 5 (2) | 
Cholestanol, 1 mg.............. | 10 | 0 | 29 
Cholestanol, 1 mg + cholesterol, 0.25 | 

RR Aah Ra bh odka tie vhiiianw 54 ¥en | 10 | 10 | 40 
A’-Cholestenol, 1 mg................... iwmii@ait & 
A’-Cholestenol, 1 mg + cholesterol, 0.25 | 

er aks | 10 110 =| 48 
22-Dehydrocholesterol, 1 mg........ | 10 2 (1) | 40 
22-Dehydrocholesterol, 1 mg + choles- | | 

SIE iii6.ds daw pesssdese ves | 10 | 10 42 
Ergosterol, 1 mg.. | 10 | 0 29 
Ergosterol, 1 mg + cholesterol, 0. 25 1 mg.| 10 | 0 54 
22-Dihydroergosterol, 1 mg. .| 10 | 0 41 
22-Dihydroergosterol, 1 mg re choles- 

2" Se ae eee | 10 | 9 6) 42 
A’: %_Ergostadienol, 1 mg.............. ; 10 | O 30 
A’: %_Ergostadienol, 1 mg + cholesterol, 

a Sh cannes gaa a | 10 | 7 (1) 4 
ET eee eee | 10 | | 34 
A’-Ergostenol, 1 mg + cholesterol, 0.25 | 

MRA eo rg Waa en ear 8 7 lees 40's Shin eR 10 | 10 (3) | 48 





* Number in parentheses refers to abnormal pupae, i.e. those 
dying before adulthood or giving rise to abnormal adults. 
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by themselves, the A”-sterols either lack sparing ability (er- 
gosterol) or spare less effectively (stigmasterol) than the cor- 
responding side chain-saturated sterols (6-sitosterol, 22-dihydro- 
ergosterol). 

Assuming then that Dermestes cannot modify the sterol 
structure by hydrogenation or dehydrogenation, we may outline 
some of the structural features necessary for sparing action, 7.¢. 
those which are common to the sparing sterols. A sterol with a 
double bond at C-5,6 and a substituent at C-24 (6-sitosterol) 
has full sparing activity. Introduction of a double bond between 
C-22 and C-23 (stigmasterol) reduces the sparing efficiency some- 
what, but if the substituent at C-24 is removed, the resulting 
compound (22-dehydrocholesterol) has full sparing activity even 
though it still contains the C-22 ,23 double bond. The remaining 
double bond may then be reduced (cholestanol) and the sterol 
retains its sparing activity. 6-Sitosterol may be modified by 
moving the double bond to C-7,8 and by shortening the C-24 
substituent (A’-ergostenol) without alteration of sparing ac- 
tivity. Introduction into A’-ergostenol of double bonds at C-22, 
C-23, or C-5,6 (A’-”-ergostadienol and 22-dihydroergosterol, 
respectively) may impair sparing activity a little but this is not 
altogether clear from the limited data available. Thus sparing 
activity is relatively independent of small alterations in molecu- 
lar shape and size, changes which on the other hand appear to 
have a profound effect on the metabolic susceptibility of the 
molecule. It is this rather striking fact which suggests to us 
that the sterols in this category spare cholesterol by virtue of 
their incorporation into subcellular structure (i.e. they act in a 
structural role). 

It is implicit in this hypothesis that the sterols differing slightly 
from cholesterol can be fitted into the cell structure without 
adverse effects. It will of course be necessary to extend these 
tests to sterols grossly different from cholesterol (e.g. the 3a- 
epimers and coprostane derivatives) before these spatial require- 
ments can be described in more detail. However there is already 
an indication that there are limits to the types of structures that 
can be accommodated. Ergosterol with only one more double 
bond then either A’:”-ergostadienol or 22-dihydroergosterol has 
no sparing activity whatsoever. Since ergosterol is presumably 
as inert metabolically in Dermestes as the sparing sterols, the 
loss of sparing activity must be due to the inability of ergosterol 
to fit into the available spaces in the cell structure? It would 
appear then that the cumulative effects of the trans double bond 
at C-22,23, of the substituent at C-24, and of the flattened B 
ring due to the 5,7-diene system so distort the molecular shape 
and size as to render ergosterol unsuitable for accommodation in 
the structural spaces. 

In postulating a structural function for the compounds which 
exhibit cholesterol-sparing activity, we have implied that these 
sterols are incorporated per se, or at any rate are not converted 
into any metabolically useful products. Support for this view 
has been obtained by feeding Dermestes larvae cholestanol as the 
sparing sterol and by showing that the bulk of it can be recovered 
unchanged from the organisms. One hundred larvae were grown 
on a diet containing per 6 g, 1 mg of cholestanol and 0.25 
mg of cholesterol. After 30 days, the food was withdrawn, the 


2 It may be objected that ergosterol lacks sparing ability be- 
cause it cannot be absorbed. This argument is difficult to refute 
but seems to us unfounded because of the general ability of in- 
sects to handle side chain-substituted sterols. 
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larvae were starved for 36 hours, and then killed. Approxi- 
mately 1 to 2 mg of sterol fraction was isolated by the usual 
procedures. For analysis the sterol was acetylated, 30 yg of 
C'-cholesterylacetate were added, and the material chroma- 
tographed on 8 g of Woelm alumina, No. 2. When the 
weights and radioactivities of the eluant fractions were plotted, 
the two curves obtained (Fig. 1) had clearly separated peaks 
which showed that the bulk of the sterol isolated from the larvae 
was less polar than cholesterol and hence in all likelihood un- 
changed cholestanol. Whether this behavior of cholestanol 
represents a special case or whether it is typical of all sparing 
sterols remains to be established by further investigation. 

Finally the case for a structural function of the sparing sterols 
is strengthened by considering the relative quantities of sterol 
which appear to be needed for metabolic and structural purposes 
respectively. From the data of Rittenberg and Schoenheimer 
(21) on the turnover of whole body cholesterol in mice it can be 
calculated that no more than 2 to 3 per cent of the total sterol 
is engaged in metabolic transformations. This figure is probably 
a measure of the amounts of cholesterol needed for the formation 
of bile acids, hormones, and so forth. The corresponding value 
for Dermestes is of course not known and it would be hazardous 
in any event to assume that the metabolic rates during insect 
growth and those observed in the adult mammalian organism are 
comparable. It is noteworthy nevertheless that the sterol 
requirement of Dermestes can be satisfied by mixtures in which 
the sparing sterol predominates and in which cholesterol is a 
very minor component. Thus in one of the experiments re- 
ported, a mixture of 1.0 mg of -sitosterol and as little as 0.03 
mg of cholesterol was nutritionally equivalent to 1 mg of 
cholesterol. Under these conditions of rapid growth, the weight 
of the organisms increases about 200-fold during the observation 
period of 30 to 40 days, presumably with a proportionate deposi- 
tion of sterol. For this purpose the small portion of dietary 
cholesterol made available to the insect as part of the sterol 
supplement, is unlikely to be sufficient. It is therefore reasonable 
to conclude that under the conditions of our experiments it is 
the cholesterol which is utilized metabolically and that it is the 
sparing compound which provides the much larger quantities of 
sterol needed for structural purposes. 

The evidence presented here for a dual function of sterols in 
insects is circumstantial and our working hypothesis may be 
considered as one rationalization of the sparing phenomenon. 
As has been pointed out already, metabolic transformations of 
cholesterol to bile acids, hormones, and so forth, so far have not 
been demonstrated in insects; their existence is assumed by 
analogy with the vertebrate organism. Similarly the postulated 
structural role is merely a restatement of the fact that insects 
incorporate sterol from the diet and appear to retain the bulk of 
it in unchanged form. The importance of sterol as a structural 
element for insects again may be inferred on comparative 
grounds. Esterified and unesterified sterols are known to be 
major lipid components of all animal cells, regardless of the 
tissues’ ability to metabolize sterol. Free cholesterol is con- 
sidered essential for maintaining the integrity of membranes such 
as those of the red cell and of the myelinated nerve sheath (22). 
Also, cholesterol has been found in purified cytochrome oxidase 
(23) and it appears to be an important structural element in 
mitochondria, judging from the disrupting effect which digitonin 
has on these particles (24). 














A. J. Clark and K. Bloch 2587 
160 320 
Fan 
° 
120+ ; + 240 
a E 
/ a 
+!i60 ° 
sr 
Oo 
80 
) 
60 





FRACTION NUMBER 


Fic. 1. Separation of sterols from larvae fed cholestanol (1 
mg) plus cholesterol (0.25 mg). The isolated sterols were mixed 
with 30 ug of C'*-cholesterol, acetylated, and chromatographed 
on 8 g of Woelm alumina, activity No. 2. O----- O, weight of 
eluted fraction (in ug); O——O, radioactivity (c¢.p.m.). 


For demonstrating a dual, or perhaps multiple function of 
sterols in animals, the Dermestid beetle with its specialized 
sterol requirement clearly offers unique advantages over verte- 
brate organisms which meet their sterol requirement entirely by 
endogenous synthesis. It will be of interest to determine 
whether the incorporation of the sparing sterols which are not 
normal tissue constituents of the beetle, causes any detectable 
alterations either in cell structure or metabolic patterns. 


SUMMARY 


1. Larvae of the hide beetle Dermestes vulpinus were reared on 
synthetic diets and the quantities of cholesterol necessary for 
supporting the growth of these organisms were determined. 
Diets containing subminimal quantities of cholesterol were found 
to support larval growth if supplemented by §-sitosterol or by 
various other sterols which by themselves cannot meet the 
sterol requirement of Dermestes. This ability to spare cho- 
lesterol is shown by cholestanol, A’-cholestenol, 22-dehydro- 
cholesterol, A’-ergostenol, and to a somewhat lesser extent by 
stigmasterol, 22-dihydroergosterol, and 
Ergosterol is inactive as a sparing agent. 

2. Attempts to satisfy part of the cholesterol requirement of 
Dermestes by supplementing the diets with bile acids, A®-preg- 
nenolone, and vitamin D3, gave negative results; a combination 
of the same steroids with 6-sitosterol also failed to support 
growth. 

3. When larvae were reared on diets containing small amounts 
of cholesterol, and cholestanol as the sparing agent, the sterol 
subsequently isolated from the organism appeared to be mainly 
unchanged cholestanol. This sparing sterol is therefore utilized 
without undergoing molecular alterations. 

4. It is concluded that the sterols which can spare but cannot 
replace cholesterol in the nutrition of Dermestes, serve in some 
structural rather than a metabolic function. 
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The literature suggests that several species of insects can 
convert Cog and Cg sterols to cholestane derivatives. Accord- 
ing to Bergmann (1), cholesterol is the major sterol constituent 
(85%) and the plant sterol sitosterol a minor component of chrys- 
alis oil obtained from the silkworm Bombyx mori, although 
this insect feeds exclusively on mulberry leaves. More recently, 
Bergmann and Levinson (2) have investigated the sterols of 
dried preparations of two other phytophagous insects, Colias 
hyale, Godt, and Orgyra antiqua, L. The ability of a Der- 
mestid to grow on these preparations without cholesterol 
supplements was used as an assay. The studies of these inves- 
tigators also included dried preparations of the larvae of Musca 
vicina fed on a wheat bran diet. It was concluded that in all 
three cases the insects were able to convert dietary “phytosterols” 
to “zoosterols” which the Dermestid can utilize. Furthermore, 
Beck and Kapadia (3) have examined by paper chromatography 
the sterol content of larvae of the flour beetle Tribolium confusum 
maintained on a completely synthetic diet. In this brief report 
it is stated that the principal tissue sterols were invariably 7-de- 
hydrocholesterol and cholesterol whether the dietary sterol was 
cholesterol, 7-dehydrocholesterol, cholestanol, sitosterol, or er- 
gosterol. 

We have now undertaken an investigation of the conversion 
of Cog sterols to cholestane derivatives in nymphs of the German 
cockroach, Blattella germanica. This insect, in contrast to the 
Dermestid beetle, grows and develops normally on synthetic 
diets containing ergosterol as the sole sterol source. With the 
aid of uniformly labeled and C-28 labeled ergosterol, it is shown 
that the roach nymphs form a sterol which no longer contains 
the methyl] substituent at C-24. The present paper furthermore 
deals with the isolation and identification of this demethylation 
product. 


EXPERIMENTAL 


Methods and Materials—Cockroaches, Blattella germanica, were 
obtained from Dr. Louis M. Roth of the Army Quartermaster 
Corps Research Laboratory, Natick, Massachusetts. Stock 
colonies were kept in battery jars covered with a porous cotton 
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material and were fed a commercial dry dog food diet. For ex- 
perimental purposes gravid females were removed to jars con- 
taining the experimental diet, and, when the young nymphs had 
hatched, the adults were either returned to the stock colonies or 
killed if they had been given radioactive sterols. 

The procedures used for isolation of nonsaponifiable lipids, 
for the separation of sterols on alumina, for the measurement of 
radioactivity, and the description of most of the materials used 
are given in the first two papers of this series (4, 5). 

For the preparation of C'-ergosterol, yeast was grown ana- 
erobically according to the method of Klein (6) and the cells 
were prepared for aerobic incubation with radioactive substrates 
as previously described (7). C'-ergosterol was labeled specifi- 
cally at C-28 by incubation of yeast with C™-formate (7). The 
sterol was isolated from the nonsaponifiable lipids by chroma- 
tography on deactivated alumina (5) and purified by repeated 
chromatography of the acetyl derivative on Woelm alumina, 
activity II. The material finally obtained cocrystallized with 
authentic ergostery] acetate without loss of radioactivity. 

Uniformly labeled C-ergosterol was prepared by the proce- 
dure already described (7). Klein’s yeast strain (6), 8 g, was 
suspended in 60 ml of 0.06 m phosphate buffer, pH 7, contain- 
ing 1% glucose, 15 mg of pt-methionine, and 4.8 mg of 1-C™- 
sodium acetate (6.2 xX 10’ ¢.p.m.), and incubated with shak- 
ing for 36 hours at room temperature. The cells were then 
harvested, resuspended in 60 ml of phosphate buffer containing 
1% glucose, and shaken for 12 hours at room temperature to in- 
sure the conversion of all intermediates to ergosterol. Har- 
vesting, digestion, and preparation of the nonsaponifiable lipids 
were carried out as described (7). After chromatography on 
deactivated alumina the ergosterol fraction was purified by fur- 
ther chromatography on deactivated alumina (8). Benzene in 
petroleum ether (b.p., 30-60°) was used as the eluting solvent. 
When the polarity of this solvent mixture was raised in a graded 
manner from 10 to 30% benzene, one unidentified radioactive 
peak was removed. Ergosterol (2.2 x 10° ¢.p.m.) was then 
eluted by 100% benzene. An ultraviolet spectrum of this “ergos- 
terol’ fraction indicated that it contained 14% of material that 
did not absorb at 281.5 my (the Amax of ergosterol). Carrier 
ergosterol (m.p., 163-164°), 47 mg, was then added and the 
mixture crystallized to constant specific activity from 95% etha- 
nol. From the 4th crystallization there were obtained 22 mg 
containing 5.8 X 10° c¢.p.m., assumed to be pure ergosterol. In 
these preparations, as in all the experiments to be described, 
solutions were reduced in volume by gentle heating on a steam 
bath in an atmosphere of prepurified nitrogen. 

Ultraviolet spectra were taken in a Carey recording spectro- 
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Fig. 1. Analysis of sterols from nymphs fed unlabeled ergos- 
terol. The sterol mixture was acetylated with C'-acetic anhy- 
dride and chromatographed on 8 g of Woelm alumina, activity 
No. 2. The solvent was Skellysolve for Fractions 1 to 60 and 
5% benzene in Skellysolve above 60; each fraction collected was 
9 ml. 
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Fig, 2. Analysis of sterols from nymphs fed unlabeled ergos- 
terol. The sterol mixture was acetylated with C'-acetic an- 
hydride and chromatographed as in Fig. 1. The solvent was 
Skellysolve for Fractions 1 to 72 and 5% benzene in Skellysolve 
above 72; the volume of each fraction was 9 ml. 





photometer, model M11. All melting points of sterols were 
taken in evacuated sealed tubes or on a hot stage. 

Authentic 22-dehydrocholesterol was a gift from Professor W. 
Bergmann. 


RESULTS 


Feeding of Unlabeled Ergosterol, Experiment I—One hundred 
seventy roaches, weighing an average of 37.5 mg, were grown 
from birth on a synthetic diet (9) containing 2% unlabeled 
ergosterol as sole sterol source. They were killed after 50 days 
and the sterol fraction isolated in the usual manner. The com- 
position of this fraction was analyzed by the isotope derivative 
method by acetylation with C'-acetic anhydride (10) and sub- 
sequent chromatography of the acetyl derivatives on Woelm 
alumina, activity 2 (Fig. 1). The two major components 
detected by this analysis are designated A and B. The material 
in Peak B constituted 40% of the total activity and showed 
the absorption spectrum characteristic of the 5,7-diene system 
of ergosterol (Amax at 262, 272, 282, and 294 mu with log 
E = 3.86 at 282 mu). Cocrystallization with carrier also 
indicated that this material was ergosteryl acetate, and it was 
therefore not further characterized. Peak A, the less polar of 
the two fractions, accounted for the remaining 60% of the total 
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radioactivity. Ultraviolet analysis showed that the major 
portion of Peak A did not absorb between 230 and 290 mu. 

In a second, similar experiment (Experiment II) the presence 
of a sterol other than ergosterol was confirmed and this observa- 
tion extended as follows. Roach nymphs were allowed to grow 
to adulthood on the ergosterol-containing synthetic diet and 
their progeny allowed to feed on the same diet until they in turn 
reproduced. Several hundred of these roaches, representing 
first, second, and third generations on synthetic diet were killed 
and their sterols isolated (approximately 12 mg). An aliquot 
was acetylated with C'4-acetic anhydride as before and analyzed 
on Woelm alumina, activity 2 (Fig. 2). Only one sterol peak 
was evident and it corresponded to Peak A of the previous ex- 
periment. The major portion of this peak (Fractions 45-48) 
showed no ultraviolet absorption between 240 and 300 muy. 
The presence in ergosterol-fed roaches of a sterol which does not 
absorb in the ultraviolet is thus confirmed. The absence of 
ergosterol in the sterol fraction of these roaches and the fact that 
it was the minor constituent in the previous experiment clearly 
suggest that the unidentified sterol is derived from ergosterol. 

C'-ergosterol Feeding, Experiment III—The formation of the 
unidentified sterol was further investigated by feeding roaches 
ergosterol randomly labeled with C™. Ergosterol, 5 x 105 
c.p.m., was added to 2 g of artificial diet (ergosterol concentra- 
tion 2.0%) and the offspring of 25 females allowed to feed until the 
diet had been consumed. Two hundred fifteen nymphs weighing 
1.12 g (5.2 mg per roach) resulted and these were worked up 
as usual for isolation of the sterols. On acetylation and chroma- 
tography on alumina, this material was resolved into two radio- 
active peaks (Fig. 3), one analogous to Peak A, representing 18% 
of the radioactivity and the other (82% of the radioactivity) 
corresponding in position to Peak B. This second peak, assumed 
to be ergosterol, was ignored. 

Since the chromatographic behavior of the acetylated unidenti- 
fied sterol was similar to that of cholesteryl acetate, this labeled 
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Fig. 3. Analysis of sterols (as acetates) from nymphs fed uni- 
formly labeled C'4-ergosterol (O----- ©) and C-28 labeled ergos- 
terol (O——O). The adsorbent was 4 g of alumina, Woelm 


activity 2, and Skellysolve the solvent (9 ml for each fraction). 





! 


' 
; 


eS 








Octob 


materi 
Table 
ever, C 
ethyl a 
a prod 
(Table 
Toc 
Ais ct 
lizes W 
C! we 
ergosti 
had b 
roach) 
chrom 
only t 
radioa 
Thus, 
versio 
with t 
Ace 
questi 
methy 
contai 
by th 
for th 
positi 
are al 
betwe 
struct 
but r 
natur 
(14, 1 
Fre 
previ 
mg 0 
obtail 
and ¢ 
These 
for 2 
(m.p. 
lester 
126.5 
22-de 
Fo 
droch 
anhy 
stery! 
ting 
ident 
judge 
Ox 
subst 
thent 
cryst 
form! 
mini! 
osmil 
drop: 
night 
tion | 
sodiu 








jor 


ce 
ya- 
OW 
nd 
mn 
ng 
led 
10t 
ed 
ak 
eX- 


13) 


10t 

of 
lat 
rly 


the 
hes 
105 


the 
ing 
up 
na- 
jio- 
3% 
ty) 
1ed 


ati- 





ini- 


ZOs- 
elm 


n). 











October 1959 


material was saponified and crystallized with carrier cholesterol. 
Table I shows that the two materials are not identical. How- 
ever, catalytic hydrogenation of the mixture with platinum in 
ethyl acetate (freshly distilled from potassium carbonate) yielded 
a product indistinguishable from cholestanol by crystallization 
(Table I). 

To obtain further evidence that the reduction product of Peak 
A is cholestanol and not an ergostane derivative which cocrystal- 
lizes with cholestanol, ergosterol labeled exclusively at C-28 with 
C™“ was fed to young roaches in 2 g of synthetic diet, (2.0% 
ergosterol, 3 X 105 c.p.m., Experiment IV). After the diet 
had been consumed, 230 nymphs weighing 1.46 g (6.4 mg per 
roach) were killed, and their sterol isolated. Acetylation and 
chromatography on Woelm alumina, activity 2, revealed 
only the peak in the area of B with not more than 3% of the 
radioactivity present in the vicinity of Peak A (Fig. 3). 
Thus, when ergosterol is labeled exclusively at C-28, the con- 
version to A cannot be demonstrated. It must therefore occur 
with the loss of the labeled carbon atom. 

According to the information obtained so far, the sterol in 
question appears to be a cholestane derivative formed by de- 
methylation of ergosterol. Whatever double bonds the molecule 
contains must be reducible under neutral conditions as is shown 
by the reduction to cholestanol. The most probable positions 
for the double bonds are C-5,6 in the ring system and various 
positions in the side chain (11). Also, conjugated diene systems 
are absent since the compound does not absorb in the ultraviolet 
between 230 and 300 mu. This evidence points to two probable 
structures: 22-dehydrocholesterol, available synthetically (12) 
but not yet found naturally, and 24-dehydrocholesterol, the 
naturally occurring desmosterol (13), also available synthetically 
(14, 15). 

From the two feeding experiments with unlabeled ergosterol 
previously described (Experiments I and II) approximately 2 
mg of steryl acetate were collected. The crystalline material 
obtained on hydrolysis melted at 128-130°. After reacetylation 
and crystallization the acetate was found to melt at 125-126°. 
These physical constants differ substantially from those reported 
for 24-dehydrocholesterol (m.p., 117-118°) and the acetate 
(m.p., 99-100° (13-15)), but agree with those of 22-dehydrocho- 
lesterol (m.p., 133.5-134.0°) and of the acetate (m.p., 126.0- 
126.5° (12)). A mixed melting point of the steryl acetate with 
22-dehydrocholestery] acetate gave no depression. 

For a further check of identity, 0.5 mg of authentic 22-dehy- 
drocholesteryl acetate, labeled by acetylation with C"-acetic 
anhydride, was chromatographed jointly with 2 mg of unlabeled 
steryl] acetate on Woelm alumina, activity 2. Coordinate plot- 
ting of the weight and radioactivities revealed an essentially 
identical chromatographic behavior of the two compounds as 
judged by the coincidence of the two curves (Fig. 4). 

Oxidative Identification—Oxidative cleavage was used next to 
substantiate the position of the side chain double bond. Au- 
thentic 22-dehydrocholesterol was acetylated, 49.7 mg of the 
crystalline acetate were added to 4900 c.p.m. (1.6 mg) of uni- 
formly labeled steryl acetate, and the mixture, dissolved in a 
minimum of benzene, oxidized by addition of 0.266 mmoles of 
osmium tetroxide in benzene solution (16). After addition of 6 
drops of pyridine, the mixture was stoppered and stirred over- 
night. The osmate ester was decomposed by heating the reac- 
tion mixture under reflux for 2 hours with a solution of 1 g of 
sodium sulfite in 6 ml of water and 10 ml of absolute ethanol. 
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TABLE I 


Carrier crystallization of roach sterol before 
and after catalytic reduction 





Crystals | Mother liquor 





Sterol + carrier cholesterol 





c.p.m./mg 


| c.p.m./mg 
NN ick bindiy:aiseale a 94 | 
Ist crystallization............. 83 
3rd crystallization.............. | 55 | 
4th crystallization........... 48 82 





Reduced sterol + cholestanol 





RE 36> ccna cn Sti haba | 87 + 4 

Ist crystallization. .... 86 + 4 86 + 4 
2nd ecrystallization....... 83 + 3 81 + 3 
3rd crystallization........ 83 + 3 80 + 3 
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Fic. 4. Cochromatography of unidentified steryl acetate (un- 


labeled) and 22-dehydrocholesteryl C'*-acetate. Conditions as 
in Fig.1. O——O, weights of fractions; O----- O, radioactivities 
(c.p.m.) of fractions. 


Addition of 20 ml of n-butanol and 40 ml of ethanol, followed by 
filtration through Celite (previously washed with hot ethanol), 
removed the osmium dioxide and the sodium salts. Solvent was 
evaporated under reduced pressure, the residue taken up in 
methanol, and, after removal of the methanol under nitrogen, 
dissolved in 1 ml of glacial acetic acid. To this solution was 
added a stoichiometric amount of 0.06 m lead tetraacetate in 
glacial acetic acid and also 0.01 m in acetic anhydride. After 1 
hour at 16-20°, the lead was precipitated by a gentle stream of 
HS. Immediately 3 to 4 ml of the solution were distilled from 
the reaction mixture into an ice-cooled receiver and then a 30% 
excess of 2,4-dinitrophenylhydrazine reagent in acetic acid 
was added. After addition of 50 ml of water and neutrali- 
zation of the acetic acid to pH 7 with saturated bicarbonate 
solution, the solution was extracted with ether. The ether was 
washed, dried, and evaporated under nitrogen. The petroleum 
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Fig. 5. Chromatography of 2,4-dinitrophenylhydrazone of al- 
dehyde obtained by oxidative cleavage of sterol obtained from 
roaches. O----- O, optical density (at 350 mu), B, radioactivity 
(c.p.m.) of 9-ml fractions. Adsorbent, 15 g of silicic acid; the 
solvent mixture was ether-petroleum ether (b.p., 30-60°), with 
the following percentages of ether: Fractions 1-19, 2%; 20-47, 
4%; 48-74, 6%; 75-88, 10%; and 89-96, 25%. 
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Fic. 6. Chromatography of acetates derived from hydrogenated 
i-methyl ethers. Woelm alumina, activity 2; eluting solvent 
Skellysolve B. @——®@, weight (in wg) of product from 22-de- 
hydrocholesterylacetate; O----- O, ¢.p.m. (C™) of product from 
roach steryl acetate. 


TABLE II 


Crystallization of radioactive column fractions 








| Crystals Mother liquor 
c.p.m./mg c.p.m./mg 
Oviginel....... — ene 49 
Ist crystallization. ........ ee! 49 40 
2nd crystallization............| 52 48 





ether-soluble portion of the residue was applied to 15 g of 
silicic acid (325 mesh) packed in petroleum ether in a 1.5-cm 
column, and was eluted with varying portions of ether in petro- 
leum ether (17). Optical density at 350 mu was measured in 
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ether in a Beckman DU spectrophotometer. The radioactivity 
of combined fractions was measured as previously described and 
corrected to infinite thinness. Only one major colored peak was 
evident and this coincided with the radioactivity peak (Fig. 5). 
Material isolated from Fractions 63-73 (18 mg), when crystal- 
lized from ethanol, melted at 125°, the melting point reported 
for the 2,4-dinitrophenylhydrazone of isovaleraldehyde is 123° 
(18). This result establishes the presence of a double bond in 
the 22,23 position of the sterol side chain. 

Reductive Identification—The ability of A*-stenols to form 
i-methyl] ethers from which the original sterol can subsequently 
be regenerated was used to demonstrate the existence of a 5,6 
double bond in the sterol isolated from the roaches. This prop- 
erty has previously been used for the preparation of 22 ,23-di- 
hydrostigmasterol and 22-dihydrobrassicasterol (19). A con- 
version of the sterol to cholesterol through the intermediary 
formation of the i-ether would therefore prove the presence of a 
double bond in the 5,6 position. 

Authentic 22-dehydrocholestery] acetate, 27 mg, was added 
to a quantity of the steryl acetate containing 4400 c.p.m. and 
the mixture was saponified. Nine-tenths of this material was 
allowed to react overnight at room temperature with an estimated 
25 mg of p-toluenesulfony! chloride in 0.25 ml of dry pyridine. 
Ice was then added to destroy the excess tosylchloride, the mix- 
ture was diluted with water, and the tosylate extracted into 
ether. The tosylate was heated under reflux for 4 hours in 1.5 
ml of dry methanol in the presence of 20 to 30 mg of freshly 
fused potassium acetate. The product was isolated in the usual 
manner and was chromatographed in Skellysolve solution on 2 
g of deactivated alumina. The first 50 ml of eluate contained 
17 mg of material which was characterized as an 7-ether by its 
infrared absorption spectrum (absorption bands at 9.12 and 
9.87 y). The i-ether was then hydrogenated in ethyl acetate 
over palladium on charcoal. The infrared absorption spectrum 
of the resulting material lacked the band at 10.35 u characteristic 
of the 22,23 trans double bond. Refluxing the hydrogenated 
i-ether for 8 hours in 1.5 ml of glacial acetic acid containing 20 
mg of MgCO; afforded 10 mg of crystalline material which 
showed an infrared absorption spectrum identical with that of 
cholesteryl acetate. 

Chromatography of this material on 8 g of Woelm alumina, 
activity 2, with Skellysolve B as eluting solvent gave complete 
coincidence of the weight and radioactivity peaks which showed 
that the products formed from 22-dehydrocholesterol and the 
roach sterol, respectively, have identical chromatographic prop- 
erties (Fig. 6). The radioactive column fractions were combined 
and crystallized twice from aqueous acetone with no change in 
specific activity (Table Il). A sample of the crystals from the 
second crystallization did not depress the melting point of 
authentic cholesteryl acetate (m.p., 110-111°). The crystals 
and mother liquors from this series of crystallizations were com- 
bined and saponified yielding material which was crystallized 
once from methanol. The product did not depress the melting 
point of authentic cholesterol (m.p., 145-146°) and had the same 
specific activity (58 c.p.m. per mg) as the 22-dehydrocholesterol- 
roach sterol mixture (60 c.p.m. per mg) with which the above 
series of reactions had been started. 

These results show that nuclear unsaturation in the sterol was 
protected from catalytic hydrogenation by the formation of the 
i-methyl ether. Since the formation of the i-ether depends on 
the presence of the 5,6 double bond the existence of this double 
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bond in the sterol isolated from the roaches is demonstrated. 
This result together with the other reductive and oxidative data, 
the physical properties, chromatographic behavior, and labeling 
evidence prove the identity of this sterol with 22-dehydrocholes- 
terol. 


DISCUSSION 


For demonstrating the conversion by B. germanica of a side 
chain-substituted sterol to a cholestane derivative, ergosterol was 
chosen because it can be readily labeled by biosynthetic proce- 
dures. It is the principal sterol of yeast and obtainable in 
various labeled forms by the proper choice of radioactive pre- 
Thus acetic acid will label all the carbon atoms of 
ergosterol with the exception of C-28 (20), whereas 1-carbon 
precursors such as formate (7) or methionine (21) afford ergos- 
terol labeled exclusively at C-28, the methyl substituent in the 
side chain. Feeding of the two types of labeled ergosterol in 
parallel was a convenient means to establish whether the insects 
converted ergosterol to another sterol, and if so whether the C-28 
methyl group was retained in the transformation product. Since 
a radioactive product was obtained from the uniformly labeled 
ergosterol but not from the C-28 labeled precursor it is clear that 
demethylation had taken place during this conversion. The 
quantities of product obtainable from the experiments with la- 
beled ergosterol were far too small for conventional chemical 
analysis. Nevertheless, by application of isotope dilution and 
carrier techniques it has been possible to identify the conversion 
product of ergosterol unequivocally as 22-dehydrocholesterol. 
Moreover, by growing a large number of nymphs on unlabeled 
ergosterol, the sterol could be isolated in sufficient quantity to 
determine the melting point of the free alcohol and of its acety] 
derivative, and these constants agreed with those of authentic 
22-dehydrocholesterol. 

The appearance of 22-dehydrocholesterol in Blattella nymphs 
reared on ergosterol is gradual; the cholestane derivative becomes 
the major sterol constituent only with time. Thus, in nymphs 
only 10% grown (i.e. weighing 10% of adult weight), 22-dehydro- 
cholesterol represented 18% of the total sterol present; in those 
75% grown, the same sterol accounted for 60% of the total. 
Finally when first, second, and third generation roaches (all on 
ergosterol diets) were pooled, 22-dehydrocholesterol was the sole 
sterol present. These results are of particular interest in the 
light of Noland’s finding (9) that Blatella nymphs, fed ergosterol 
from birth, gain weight at only half the rate of nymphs receiv- 
ing the same percentage of cholesterol in the diet. These ob- 
servations suggest that the enzymes involved in the modifica- 
tion of ergosterol arise by an inductive process. 

It is interesting to note that in spite of the extensive conversion 
of dietary ergosterol to a cholestane derivative, cholesterol itself 
is not formed in detectable quantity, at least under the conditions 
of the present experiments. It is possible, of course, that choles- 
terol is formed from the 22-dehydro compound but as a transient 
intermediate and in the small quantities required by the insects 
for metabolic purposes. On the other hand Blatella nymphs may 
be able to dispense entirely with cholesterol per se and thus differ 
from the Dermestid beetle which requires, as we have shown, a 
small amount of dietary cholesterol even when 22-dehydrocholes- 
terol is supplied (4). An ability to dispense with cholesterol 
would obviously imply the existence of mechanisms for convert- 
ing 22-dehydrocholesterol directly to the necessary metabolic 
products, by-passing cholesterol. A further alternative is raised 


cursors. 
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by our observation (22) that Blattella nymphs when given labeled 
acetate contain a small amount of labeled sterol. Because of 
the general inability of insects to synthesize sterols, we have sug- 
gested that this labeled material is of microbial origin (22). 
Conceivably the sterol provided by the symbionts is adequate in 
quantity for satisfying the insects’ metabolic needs for choles- 
terol when ergosterol is the only dietary sterol. In this event 
one would predict that Blatella, if deprived of its symbionts, 
would acquire a need for dietary cholesterol and that ergosterol, 
although convertible to a cholestane derivative, can act only as 
a sparing sterol. Studies are now under way to test the possi- 
bility that Blattella does in fact have a specific nutritional require- 
ment for cholesterol but that this is ordinarily obscured by the 
activities of intestinal symbionts. 

The apparent necessity for converting ergosterol to a choles- 
tane derivative in Blatella supports the hypothesis (4) that this 
sterol per se is structurally unsuited for performing any of the 
functions for which the sterols are needed by insects. The exist- 
ence of mechanisms for modifying ergosterol, either by reduction 
or demethylation, is therefore a prerequisite for the utilization 
of ergosterol. If they are absent, as appears to be the case in 
the beetle Dermestes vulpinus (5), ergosterol will not be utilized 
either metabolically or structurally. 

The present investigation has not thrown any light on the 
mechanism by which ergosterol is demethylated to 22-dehydro- 
cholesterol by Blatella. However, the observation that Dermestes 
can utilize 24-methylene cholesterol as sole sterol source! but 
not other C-24 substituted (alkyl) sterols, suggests that de- 
methylation is initiated by a dehydrogenation between C-24 and 
C-28 in the sterol side chain. 


SUMMARY 


The utilization of dietary ergosterol by nymphs of the German 
cockroach Blatella germanica has been investigated. When these 
insects received uniformly labeled ergosterol, the formation of a 
new radioactive sterol was observed. This conversion product 
could not be demonstrated with ergosterol labeled at C-28 only, 
which showed that it no longer contains the C-28 methy] sub- 
stituent of ergosterol. By isotopic techniques the demethylation 
product of ergosterol was shown to be 22-dehydrocholesterol. A 
small amount of crystalline sterol was isolated from a large 
number of ergosterol-fed nymphs and shown to be identical with 
authentic 22-dehydrocholesterol. The significance of this con- 
version is discussed. 
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In the enzymatic synthesis of squalene from mevalonic acid, 
ATP is one of the required cofactors (1, 2). This finding led to 
the suggestion that phosphorylated derivatives of mevalonic acid 
are formed at an intermediary stage (1). The first phospho- 
rylated product to be demonstrated was 5-phosphomevalonic 
acid which Tchen (3, 4) has isolated and characterized and which 
was later found by others (5-7) in both yeast and liver. When 
it was observed that the conversion of phosphomevalonic acid 
to squalene still depended on the presence of ATP (8) the exist- 
ence of additional phosphorylated intermediates was indicated. 
We have already reported the isolation and some of the prop- 
erties of two products which are formed from phosphomevalonic 
acid and ATP in yeast extracts and which we have characterized 
as mevalonic acid 5-pyrophosphate (Compound IT) and 3-methyl- 
3-butenyl-l-pyrophosphate (Compound III) (9).! Recently, 
Lynen et al. (10) have also described the isolation and further 
characterization of the isopentenyl ester and have briefly re- 
ported on its chemical synthesis. The present paper deals with 
the partial purification of the enzymes which catalyze the forma- 
tion of Compounds II and III, with the characterization of these 
products, and with the mechanism by which Compound II is 
decarboxylated to Compound III. A chemical synthesis of 
isopentenylpyrophosphate is described in Paper II of this series 
(11). 


EXPERIMENTAL 


Materials—Adenine nucleotides were commercial samples ob- 
tained from Pabst Laboratories. Lactic dehydrogenase, acid 
phosphatase, and alkaline phosphatase were purchased from the 
Sigma Chemical Company and phosphoenolpyruvic acid and 
pyruvate acid kinase from Boehringer & Soehne, Mannheim, 
Germany. Cobra venom was obtained from the Ross Allen 
Reptile Institute. 2-C'-Mevalonic acid was purchased from 
Isotopic Specialties and 1-C'*-mevalonic acid was synthesized in 
this laboratory by Dr. Hans C. Rilling according to Cornforth 
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'For convenience, mevalonic acid 5-pyrophosphate will be 
referred to as Compound II; 3-methyl-3-butenyl-1-pyrophosphate 
will be called either Compound III or isopentenylpyrophosphate. 
The enzyme catalyzing the conversion of phosphomevalonic acid 
to Compound IT is called phosphomevalonic kinase and the enzyme 
which catalyzes the dehydration and decarboxylation of Com- 
pound IT to Compound III is called ‘“‘decarboxylase.”’ 


et al. (12). ATP containing P® in the two terminal phosphorus 
atoms was prepared by incubating rat liver homogenates in the 
presence of AMP and inorganic P®. 


METHODS 


Analyses for total and inorganic phosphorus were carried out 
according to Dryer et al. (13). ADP was determined spectro- 
photometrically by measuring the change of optical density at 
340 my in a system containing phosphoenolpyruvic acid, DPNH, 
crystalline pyruvate kinase, and lactic dehydrogenase (14) (see 
legend to Figs. 5 and 6). 

In experiments with 1-C'-mevalonic acid or its phosphorylated 
derivatives, incubations were carried out in Warburg flasks with 
NaOH in the center well for absorption of C“Os. 

Assay and Isolation of Phosphorylated Derivatives of Mevalonic 
Acid—The incubation mixtures were deproteinized by immersing 
the reaction vessels into boiling water for 1 minute and sub- 
sequent removal of precipitated protein by centrifugation. For 
analysis by paper chromatography, the deproteinized samples 
were transferred to strips of Whatman No. 1 filter paper (1.5 
inches wide) and chromatographed in ¢ert-butanol-formic acid- 
water. The Rp values of the compounds of interest in this 
solvent system are shown in Table I. The ranges given repre- 
sent daily variations. We have previously given the Ry value 
for Compound III in the above solvent system as 0.65 (9). 
However, in later experiments this earlier value could not be 
reproduced and the value now consistently found is 0.54. Be- 
cause on paper chromatograms, phosphomevalonic acid and 
Compound III coincide, the latter was routinely assayed by 
chromatography on Dowex 1-formate columns (Fig. 1) (15). 
For routine measurements the radioactive areas on the paper 
chromatograms were counted and recorded with an actigraph 
(Nuclear-Chicago Corporation) and the quantity of product esti- 
mated from the relative size of the radioactive areas under the 
curves. For more accurate determinations the radioactive peaks 
were eluted from the paper with water and aliquots assayed in a 
windowless gas flow counter as infinitely thin samples. In 
double labeling experiments with C“ and P®, samples were 
counted in a thin window counter both with and without an 
aluminum window. The relative counting efficiency for P* and 
C* under these conditions was determined with the aid of stand- 
ard samples. Fractions obtained by chromatography on ion 
exchange columns (Dowex) were counted after lyophilization and 
removal of ammonium formate by sublimation. 

Analyses of tritium-containing samples and of samples con- 
taining both tritium and C" were performed by the New Eng- 
land Nuclear Corporation with a Packard TriCarb scintillation 
counter. 

Enzymatically liberated isopentenol was analyzed by vapor 
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TABLE I 
Ry values on paper chromatograms 


Solvent system:/ert-butanol-formic acid-water, 40:10:16 (by 
volume); descending chromatography at room temperature. 





ee 0.80-0.85 
Phosphomevalonic acid............... | 0.53-0.61 
Mevalonic acid-pyrophosphate (Com- | 

I 0s O06 oe cS kode See a 0.29-0.35 
Isopentenylpyrophosphate (Compound | 

ae TERY Aa Sp Sodas ecco a seiarer 0.53-0.61 
Orthophosphate................. 0.50-0.58 
Pyrophosphate........... 0.28-0.36 
RES Sree, Shh Wa Wiad darks adie wa .| 0.26-0.30 
Ee er re | 0.08-0.16 
oe 0.00-0.16 





phase chromatography. The instrument used was a RECO 
distillograph containing a copper coil 10 feet long and 3-inch in 
diameter and was packed with 20% silicone oil (GE-SF 96) 
and Celite (Johns-Manville C-44857). At a column tempera- 
ture of 46° isopentenol was detected 19 minutes and dimethyl- 
allyl alcohol 27 minutes after the appearance of the peak from 
the injected air. 

Phosphomevalonic Kinase—For the assay of the kinase which 
vatalyzes the reaction: phosphomevalonic acid + ATP — 
mevalonic acid pyrophosphate + ADP, the incubation mixtures 
contained 0.01 m ATP, 0.005 m MnSO,, 0.02 m phosphate buffer, 
pH 7.0, and 2 X 10-* m 2-C'-phosphomevalonic acid. Incuba- 
tions were carried out in air at 30° for the length of time indi- 
cated in the tables. 

“Decarboxylase’”—For assay of the enzyme which converts 
Compound II to Compound ITI, incubation mixtures contained 
0.001 m ATP, 0.005 m MnSO, or MgCle, 0.02 m potassium phos- 
phate buffer pH 7, and 2 x 10-4 m 2-C-mevalonic acid pyro- 
phosphate. Optimal conditions for the enzyme have not been 
studied in detail, but the pH optimum appears to be broad and 


ME VALONIC 
ACID 


eel be 





Mevalonic Acid Pyrophosphate and I sopentenylpyrophosphate 


Vol. 234, No. 10 


the concentrations of ATP and metal required for maximal 
activity are 10-* m or less. 

For assaying squalene formation from Compounds II or III 
the enzyme was either the dialyzed supernatant from yeast 
autolysates after 1 hour of centrifugation at 104,000 x g, ora 
system containing 0.01 ml (3 mg of protein) of ‘terminal en- 
zyme” and 0.05 ml (4 mg of protein) of Fraction AS II. The 
incubation system contained 0.02 m potassium phosphate buffer 
pH 7.0, 0.005 m, MnSO,, and when present, 0.003 m ATP and 1 
mg of DPNH. Incubations were performed at 30° for the times 
indicated. For extraction of squalene the incubation mixtures 
were saponified by methanolic KOH and the hydrocarbon 
isolated and characterized as described (1). 

Enzyme Preparations—Autolysate from 2 pounds of Fleisch- 
mann’s “Active Yeast for Bakers” prepared as described (1) was 
centrifuged at 15,000 r.p.m. in a model SS-1 Servall centrifuge 
for 30 minutes at 0°. The supernatant solution, 1500 ml, was 
fractionated by ammonium sulfate (solid) into two fractions, one 
precipitating between 0 to 45 per cent (AS I) and the other 
between 45 and 68 per cent (AS II) saturation. The supernatant 
fluid from AS II contained little of the enzyme activities of 
interest for the present work and was therefore discarded. Frae- 
tions AS I and AS II were collected by centrifugation, as above, 
taken up in a minimal amount of 0.02 m phosphate buffer pH 7.1, 
and exhaustively dialyzed against the same buffer. 

Fraction AS I contains mevalonic kinase and the enzymes con- 
cerned with the terminal stages of squalene synthesis (‘terminal 
enzymes’). The further fractionation of AS I was carried out 
according to Tchen (4) through his second ammonium sulfate 
step. The fraction precipitating with (NH,).SO, between 0 to 
25 per cent of saturation contains the ‘terminal enzymes” and 
that precipitating between 35 to 55 per cent contains mevalonic 
kinase as shown by Tchen (4). 

Fraction AS II which contains phosphomevalonic acid kinase 
’ was adjusted to pH 5.2 with 10 per cen 
To the supert 


and “decarbo xylase,’ 
acetic acid and the resulting precipitate discarded. 
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VOLUME OF ELUENT (ML.) 


Fig. 1. Elution pattern of mevalonic acid derivatives and adenine nucleotides on Dowex 1-formate resin. 


0.7cm. Gradient elution according to Hurlbert et al. (15). 


Column size 12 X 


The mixing flask contained 150 ml of H.O and the reservoir was 
charged successively with 250-ml quantities of formic acid and ammonium formate as indicated. 


I, phosphomevalonic acid; I], 


mevalonic acid pyrophosphate; III, isopentenylpyrophosphate; X-P, acid hydrolysis product of III (see Table IX). 
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TaBLeE II 
Purification of phosphomevalonic acid kinase 











Fraction Specific activity Total activity 
= om” 
pmoles/mg | 1 
protein/hour } umoles/hour 
Supernatant of autolysate* 0.070 5000 
Ammonium sulfate II.. 0.116 2520 
Aleohol I... . 2... 0.146 960 
Phosphate gel eluate... 0.612 | 560 
DEAE column eluate..... 3.5 420 





* From 2 pounds of dry yeast. 


natant fluid, 95 per cent ethanol was added to a concentration of 
13 per cent by volume with gradual lowering of the bath tempera- 
ture to —4°. The precipitate (Al I) which contains the kinase 
was collected in the Servall centrifuge at —5° as described above, 
taken up in minimal amounts of 0.02 m phosphate buffer pH 7.1, 
and dialyzed against 8 |. of the same buffer for 1 hour. The 
second fraction (Al II), precipitating between 13 to 35 per cent 
ethanol at —12°, and collected in the same fashion, contains the 
“decarboxylase.” 

Fraction Al I containing the kinase was dialyzed against 
distilled water at 0° for several hours to reduce the salt concen- 
tration below 10-4 m, the pH was adjusted to 5.5 with 5 per cent 
acetic acid and the precipitate discarded. The protein con- 
centration was now adjusted to 15 to 20 mg per ml. by the addi- 
tion of deionized water and a weight of calcium phosphate gel 
(16) equal to the weight of the protein added. After centrifuga- 
tion, the supernatant fluid was discarded, and the gel washed 
twice with a volume of 0.05 m phosphate buffer pH 7.5, equal 
to that of the protein solution before addition of gel. This 
washing procedure removes the last traces of contaminating 
“decarboxylase.” The kinase is eluted from the gel by 0.2 m 
phosphate buffer pH 7.5. After dialysis against 0.001 m Tris? 
buffer pH 7.0, a portion of this fraction containing 500 mg of 
protein was applied to a 18 X 2 cm diethylaminoethy! cellulose 
(DEAE) column (17). On gradient elution with phosphate 
buffer pH 6.8 (250 ml of 0.001 m in the mixing flask and 250 ml of 
0.22 m in the reservoir) the activity was eluted between 340 and 
440 ml fractions. The degree of purification obtained is shown 
in Table II. 

Fraction Al II, containing the decarboxylase, was similarly 
purified by chromatography on DEAE-cellulose columns. Al 
II, containing 1 gm of protein, was chromatographed exactly as 
described above with the results shown in Fig. 2 and Table III. 

When larger quantities of Compound III were required, it was 
found convenient to use an enzyme fraction which contained both 
phosphomevalonic kinase and “decarboxylase” activity. This 
fraction, designated AS II-G, was prepared by dialyzing Fraction 
AS II for 16 hours against several changes of 0.001 m Tris buffer 
pH 7.0. Each 10 ml of the dialyzed solution, containing 19 mg 
of protein per ml, were treated with 2 ml of calcium phosphate 
gel (29 mg of solid per ml). The absorbed activity was eluted 
with 2 ml of 0.1 m phosphate buffer pH 7.6 and, after dialysis 
against 0.001 m Tris buffer pH 7.0, applied toa 20 x 0.7 em. 
DEAE-cellulose column. On gradient elution with phosphate 
buffer pH 7.6 (200 ml of 0.02 m in the mixing flask and 200 ml 


2 The abbreviation used is: 
methane. 


Tris, tris(hydroxymethy])amino- 
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Fig. 2. Fractionation of ‘decarboxylase’? on DEAE columns. 
Left ordinate and solid line, protein content of fractions as O.D. 
units at 540 my as determined by the biuret method; 1 mg of 
protein = 0.095 O.D. units. Right ordinate and shaded area, 
enzyme activity as measured by DPNH oxidation in the coupled 
pyruvate kinase assay (14); 0.1 O.D. units at 340 mu = 16 mumoles 
of Compound III formed. 


TABLE III 


Purification of ‘“‘decarborylase”’ 


Fraction Specific activity Total activityt 


pmoles/mg 


protein/hour moles /hour 


Supernatant of autolysate*. . 0.36 
Ammonium sulfate II ; 2.9 1 xX 108 
Alcohol II 3.1 1.1 X 106 
DEAE column eluate 40.0 


0.9 X 10° 


* From 2 pounds of dry yeast. 

+ The nearly quantitative recovery of activity may be apparent 
rather than real. At the early stages of purification the ‘‘decar- 
boxylase”’ is presumably contaminated with an enzyme, possibly 
the isomerase of Agranoff et al. (20), which converts isopenteny] 
pyrophosphate to the acid-labile dimethylallyl pyrophosphate. 


of 0.5 m in the reservoir) the peak of enzyme activity emerged 
with the 30 to 70 ml eluate fractions. This preparation (AS 
II-G) catalyzes the conversion of 0.6 umoles of phosphomevalonic 
acid to Compound III per hour per mg of protein. 

The above fractionation procedures are summarized in Dia- 
gram 1. 


RESULTS 

Phosphomevalonic Kinase—The enzyme has no pronounced pH 
optimum, the activity remaining essentially unchanged between 
pH 5.5 and 10.0. As shown in Fig. 3, ATP is optimally effective 
at 10-* m and inhibitory at higher concentrations. The require- 
ment of the system for a divalent ion and the effective concentra- 
tions of Mg++, Co+*+, Zn*+*+, Fe++, and Mn*+ are shown in Fig. 4. 

The formation of ADP in the kinase reaction was determined 
by measuring the disappearance of DPNH in the coupled reac- 
tion with pyruvate kinase and lactic dehydrogenase. In the 
experiment recorded in Fig. 5, the reaction of 0.190 umoles of 
phosphomevalonic acid with ATP in the kinase-catalyzed re- 
action caused a fall in optical density of 0.365 above the blank 
which corresponds to 0.194 wmoles of DPNH oxidized or of ADP 
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DiaGramM 1 


Yeast | autolysate 
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0-45 % ppt., AS I 45-60 % 
| | 
High speed supernatant Supernatant, discard Ppt., AS II 
pH| 5.1 Ca phosphate gel 
Protamine 
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| Ppt., discard Supernatant 

| Ethanol AS IL-G 
0-30 % 35-55 % 

0-13 %, Al I 13-35 %, Al II 

“Terminal Mevalonic ra | 
enzymes”’ kinase Ca phosphate gel 
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Fia. 3. Effect of ATP concentrations on phosphomevalonic 

kinase. The incubation mixtures contained: 0.005 m MnSQ,, 0.03 
m KF, 0.02 m phosphate buffer pH 7, 1 X 10-* m 2-C'*-phospho- 
mevalonic acid, and 0.68 mg of enzyme protein (gel eluate) in a 
total volume of 0.2 ml. Incubations at 30° for 12 minutes. 


produced. The fact that the conversion of the substrate is 
complete, as indicated by the production of one equivalent of 
ADP, is in agreement with the evidence obtained by Tchen (4), 
that the enzymatically formed phosphomevalonic acid is the 
optically active form. 

Characterization of Compound II—Compound II is of more 
polar character than phosphomevalonic acid, as shown by the 
lower Rp value on paper and by its greater retention on Dowex 
1-formate columns. The analysis of a sample of Compound II 
prepared enzymatically from 2-C'*phosphomevalonic acid and 
ATP showed a content of 2 atoms of phosphorus per molecule 
(Table IV). The formation of II can be demonstrated with 


either 1-C'- or 2-C'-phosphomevalonic acid (9) and therefore it 


DEAE DEAE 
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Fig. 4. Effect of metal ions on phosphomevalonic kinase. 0.01 


M ATP; all other conditions as in Fig. 3. 


still has the 6 carbon skeleton of mevalonic acid. Both phos- 
phate residues of II are present in alkali-stable linkage, since 
treatment with 1 Nn KOH at 100° for 15 minutes does not change 
the chromatographic behavior on Dowex 1-formate. Under acid 
conditions, Compound II is hydrolyzed to a phosphate ester 
which has the same Rr value as phosphomevalonic acid and is 
converted to Compound III in 86 per cent yield when incubated 
with ATP and Fraction AS II-G (Table V). 

Enzymatic Hydrolysis of Compound II]—Compound II is 
hydrolyzed by various phosphatases under the conditions shown 
in the legend to Table VI. All three enzymes catalyze a rapid 
dephosphorylation of II to mevalonic acid by way of phospho- 
mevalonic acid. In some of these experiments the phospho- 
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mevalonic acid peaks were eluted from the paper and shown to 
be convertible to Compound II in the presence of ATP and 
phosphomevalonic kinase in 60 to 70 per cent yield. Phos- 
phomevalonic acid itself, when incubated with these phos- 
phatases, is quantitatively hydrolyzed to free mevalonic acid in 
less than 1 hour. From the data in Table VI it would appear 
that the rate of hydrolysis of Compound II to phosphomevalonic 
acid is somewhat slower in all cases than the removal of phos- 
phate from phosphomevalonic acid. 

Experiments with P® and C'—As shown by Tchen (3, 4) phos- 
phomevalonic acid formed from ATP* and C-mevalonic acid in 
the presence of mevalonic kinase contains P® and C™ in a ratio 
of approximately 1:1. In Table VII are recorded the P®:C™ 
ratios in Compound II formed from P*-phosphomevalonic acid- 
2-C™ and either ATP or ATP®. The results clearly show that 
in the kinase-catalyzed production of Compound II the phosphate 
ester group of phosphomevalonic acid is retained and that an- 
other phosphate residue is introduced from ATP. This isotopic 
evidence confirms the direct analyses for phosphorus, showing 
that Compound II contains 2 atoms of phosphorus per molecule 
(Table IV). A sample of II formed enzymatically from P® - 
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Fic. 5. Spectrophotometric assay of ADP formation in the 
phosphomevalonic kinase reaction. The incubation mixtures 
contained; 0.03 mM potassium phosphate buffer pH 7.1, 0.023 m 
MgCl, 0.003 m phosphoenolpyruvate, 0.006 m ATP, 0.0003 m 
DPNH, 0.1 mg of lactic acid dehydrogenase, 0.066 mg of pyruvate 
kinase. At the point indicated by the arrow, 0.19 umoles of 
phosphomevalonic acid were added. Total volume, 3.3 ml. 


TABLE IV 


Phosphorus content of Compounds II and III 











| ; 

Compound cu rai cu P P:c™ 
} a ios - 
| c.p.m. c.p.m./mg mumoles mumoles 

_ ree | 11487 410 28.0 | 53 1.9 

miy...:..4 2a 410 wes | 59 2.1 
ae | 12050 410 29.4 | 55 1.9 





* Purified by chromatography on paper and on Dowex 1-for- 
mate. 
+ Purified by chromatography on Dowex 1-formate. 
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phosphomevalonic acid-2-C" and unlabeled ATP, and having a 
P:C* ratio of 0.91, was warmed (accidentally) to 60° in strong 
formic acid for several hours (Table V). Chromatography of the 


TABLE V 
Hydrolysis of Compound IT 











| : Phosphomeva- 
Treatment | Time Compound II lonic acid 
formed 
| min. c.p.m. C.p.m. 
1 n HCl, 100°........ wee 0 4600 0 
1 x HCl, 100°..... cee 0 3680 
| 
} 
7) 2 ere | 0 | 20000 0 
0.5n HCI, 100°..............) 5 | 9150 8450* 
| 
4 n formic acid, 60°......... 0 | 18000 0 
4 n formic acid, 60°......... 4 0 16000 
| | 





* 4250 c.p.m. of this hydrolysis product, incubated with En- 
zyme Fraction AS II-G, yielded 3620 c.p.m. (86%) of Compound 
Ill. 

TaBLe VI 
Per cent hydrolysis of Compound IT by phosphatases 

The values represent the proportions of total recovered radio- 

activity associated with the various chromatographic peaks. 








| Alkaline phosphatase* Acid phosphataset Cobra venomt 











a=] 1 1 _ x) ! = _-3 a 7) 
Time § ‘s § Phospho-| “2 §  |Phospho-| ‘ 
Phospho- | | 
| $, | mevalonic] 32 | | toe | se) 8 | tae | $3 
8 — | s* 3 | acid 3° em | acid 3” 
min || io Oh ieniy tits i 
0/100} © | 0|100) 0 | 0/10) 0 | 0 
5 | 73) 13 | 14 | 58| 29 13 | 64| 22 | 14 
15 | 45) 10 | 45 | 41) 32 | 27 | 32) 19 | 49 
30 | 21; 7 | 72) 32] 34 | 34] 7] 8 | 85 
60 | 10; 3 | 8 | O| 13 | 87 0 | 0 | 100 
! | | 





* The incubation mixtures contained 0.02 m Mg acetate, 0.02 
M Tris buffer, 2.3 X 10-*m Compound II, and 4 mg of enzyme in a 
final volume of 0.2 ml. The pH was 10 and the samples were in- 
cubated at 30° for the indicated times. 

+t The incubation mixtures contained 0.02 m Mg acetate, 0.02 
M Na acetate, 2.3 X 10-*m Compound II, and 3 mg of enzyme in a 
final volume of 0.2 ml. The pH was 5.5, incubations at 30°. 

t The incubation mixtures contained 0.02 m Mg acetate, 0.02 
m Tris buffer, 3 X 10-4 m Compound II, and 4 mg of venom in a 
final volume of 0.2 ml. The pH was 9.0, incubations at 30°. 


TABLE VII 


Experiments with doubly labeled substrates 


cu | pm:cu 


Precursor Product | P® 
| myatoms 
P#?-Phosphomevalonic acid-2-C". . .| | 39 35 | 1.11 
P32_Phosphomevalonic acid-2-C' + 
ae a ae 32 | 35 | 0.91 
P32_Phosphomevalonic acid-2-C' + 
BE. suns 1 | 15| 8 | 1.88 
P*-Phosphomevalonic acid-2-C™ + | 
Pg AE oe .....| IML | 105 | 115 | 0.91 
P#2_Phosphomevalonic acid-2-C™ + | 
a a ee Ae ee es ideaa? 81 42 | 1.93 
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TaBLe VIII 


Identification of isopentenol by snake venom 
hydrolysis of Compound III 











P | | | 
y Specific | | ome s | 
Comgoued Castor jactivity* of | Isopen- | ~~ | cu 
hydrolyzed Poo | tenolt | alcoholt | recovered 
a C.p.m. mg total c.p.m. | total c.p.m. % 
| | | 
7440 | Isopentenol, | 49.5 5200 | | 7 
32.3 
7440 | Dimethylal- | <6.7 <660 | <9 
| lyl alcohol, | 
| 30.0 





Crystallizations of 3,5-dinitrobenzoates 





| 
| Specific activity* of isopentenol Specific activity* of dimethylallyl 








Crystallization alcohol 
No. | 
Crystals | Mother liquor Crystals | Mother liquor 
| | | 
1 | 41.5 32.0 
2 49.8 31.0 
3 | 485 | 49.5 | 22.0 
4 | 48.5 46.1 | 160 | 27.4 
5 | 10.2 11.2 
6 | 6.7 1.2 
* Counts per minute per mg of dinitrobenzoate. 
+ Total activity = specific activity of dinitrobenzoate X mg 


: 80 
of carrier alcohol X ee" 


products on Dowex showed that Compound II had been com- 
pletely hydrolyzed to phosphomevalonic acid and that the latter 
contained 102 my atoms of P® and 100 my atoms of C™, or a 
P®:C™ ratio of 1.02. Thus all the radioactive phosphorus was 
retained in organically bound form, 7.e. linked to C-5 of mevalonic 
acid, and this demonstrates that of the 2 phosphorus atoms 
present only that introduced during the second kinase reaction 
(phosphomevalonic acid + ATP — Compound ID) is acid-labile. 

“Decarboxylase’’ Reaction—The optimal conditions for the 
operation of this enzyme have not so far been studied in detail. 
It has been established, however, that the activity remains 
constant between pH 5.5 and 7.4 and that the metal requirement 
of the system is satisfied by Mg++, Mn++, Fe++, Zn*++, and Cot+ 
all of which give maximal activity at 10-* to 10-2 m concentra- 
tions. ATP is maximally active in 10-‘ to 10-* m concentrations 
and cannot be replaced by ADP or AMP. 

Characterization of Compound II1I—Compound III contains 2 
atoms of phosphorus per molecule as determined by colorimetric 
analysis and by determination of the C™:P® ratios (Tables IV 
and VII). For identification of the carbon skeleton, Compound 
III was subjected to the action of cobra venom which rapidly 
liberated a volatile radioactive alcohol from the substrate. This 
alcohol was identified both by vapor phase chromatography and 
by cocrystallization of the 3,5-dinitrobenzoate derivative with 
authentic carrier (Table VIII). A quantity of Compound III 
containing 18600 c.p.m. was incubated with 5 mg of snake 
venom, 10 umoles of magnesium acetate, and 100 uwmoles of Tris 
buffer pH 9.2 in a total volume of 1 ml for 1 hour at 30°. At 
that time the radioactive substrate had been quantitatively con- 
verted into a volatile product. Aliquots of the enzymatic digest 
containing 7440 c.p.m. each were transferred to flasks containing 
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carrier isopentenol (11) and dimethylallyl alcohol, respectively 
(18). The mixtures were extracted 3 times with benzene, the 
combined benzene extracts were dried over MgSO,, and the 
3,5-dinitrobenzoates prepared (19). The m.p. of isopenteny] 
3,5-dinitrobenzoate was 56-57°, and of dimethylallyl 3,5-di- 
nitrobenzoate, 71.5-72°. The derivatives were repeatedly 
crystallized from aqueous ethanol and their specific activities 
determined after each crystallization. According to the results 
shown in Table VIII, a minimum of 70 per cent of the C™ con- 
tent of Compound III is accounted for as isopentenol (3-methyl- 
3-butenol). The specific activity of the dimethylallyl derivative 
was still declining after 6 recrystallizations, indicating that 
Compound III dves not contain significant quantities of the 
isomeric ester. In another experiment with cobra venom, one 
aliquot of the enzymatic digest, containing 9300 c.p.m. was 
mixed with 78.6 mg of isopentenol, the 3 ,5-dinitrobenzoate was 
prepared as described above and crystallized to a constant specific 
activity of 16.5 ¢.p.m. permg. A second aliquot of snake venom 
digest, containing 5 times as much radioactivity, or 46500 ¢.p.m., 
was mixed with 81.9 mg of isopentenol and extracted 3 times 
with ether. The ether extract was dried over MgSO,, carefully 
reduced in volume to about 0.3 ml and subjected to vapor phase 
chromatography. The isopentenol from the above experiment 
was collected and converted into the 3 ,5-dinitrobenzoate which 
gave 80 c.p.m. per mg. Allowing for the fact that the aliquot 


TABLE IX 
Stoichiometry of acid-hydrolysis products of 
doubly labeled Compound ITT 

Hydrolysis in 0.5 N HCl at 100° for seven minutes. The prod- 
ucts were analyzed by ion exchange chromatography of the neu- 
tralized reaction mixture on Dowex 1-formate. The material 
designated organic monophosphate was eluted from the resin im- 
mediately before inorganic phosphate (P;*2); it is presumably 
identical with 3-methyl-1,3-butanediol-1-phosphate (10). 


Products 








Com- 
pound a 
Compound hydrolyzed* p32; C4 Ii Organic 
remain- b mono- — 
ing P\* phos- Pa: 
phate | 
mumoles | mumoles mumoles 
A.* C—OP#p# 110 | 1.93) 10 | 9% | 70 | 1.1 
| | | 
’ 
C | | | | 
\ 
Cc 
ile. 
& cu | | | 
Bit C—OP=P | 50 |0.91| 0 0 | 41 | 0.95 
C 
‘ | | | } 
C } | 
’ % 
C c* 
* Prepared from P® - phosphomevalonic acid-2-C™ (C', spe- 
cifie activity = 113 ¢.p.m. per mumole; P*, specific activity = 31 
¢.p.m. per mumole) and ATP® (specific activity = 31 ¢.p.m. per 


mumole in terminal P atom). 
Tt Prepared from the same doubly labeled phosphomevalonic 
acid as A, and unlabeled ATP. 
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used for vapor phase chromatography contained 5 times as much 
total radioactivity as the sample converted directly to the 3,5- 
dinitrobenzoate, the specific activities of the two samples are 
seen to be essentially identical. These results show that the 
alcohol liberated from Compound III by snake venom is radio- 
chemically homogeneous and identical with isopentenol. 
Stability of Compound III—The acid-catalyzed hydrolysis of 
C" and P*-labeled Compound III to inorganic phosphate and an 
organic monophosphate is shown in Table IX. The hydrolysis 
product has not been identified, but is presumably identical with 
3-methyl]-1 ,3-butanediol-1-phosphate (10). It is seen from the 
p® data that the acid-labile phosphate of III is that introduced 
in the second of the three AT P-requiring steps, 7.e. in the reaction 
phosphomevalonic acid + ATP — Compound II; when III is 
prepared from P*-phosphomevalonic acid and ATP by way of 
II, and then hydrolyzed, P® is retained in organic linkage and 
no inorganic P* is released. The stable phosphate residue of III 
is therefore bound directly to C-1 of isopentenol (corresponding 
to C-5 of mevalonic acid). With respect to the stability of the 
phosphate ester groups and the identity of the labile phosphate 
residue, Compounds II and III therefore show identical behavior. 
Stoichiometry—The stoichiometry of the ‘“‘decarboxylase’’- 
catalyzed reaction was studied by incubating 0.41 umoles of 
2-C'-mevalonic pyrophosphate and 5.2 uwmoles of ATP” in a 
solution containing 0.004 m MnSO,, 0.05 m KF, 0.04 m phosphate 
buffer pH 7, and 1.5 mg of “decarboxylase” (Fraction Al II, 
Table III) in a total volume of 2.5 ml for 20 minutes at 30°. 
After heat denaturation, the products were separated quantita- 
tively by Dowex chromatography and counted for P® and C™. 
The quantities of products formed from the 0.41 ymoles of Com- 
pound IT were, in ymoles, Compound III, 0.40; inorganic phos- 
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Fia. 6. Rates of formation of CO, from 1-C'4-mevalonie acid 
pyrophosphate and of ADP from ATP in the “‘decarboxylase’’- 
catalyzed reaction. For measuring CQO, formation the reaction 
mixtures contained in wmoles: MgCl2, 10; phosphate buffer pH 
6.9, 30; KF, 10; ATP, 10; 1-C'*-phosphomevalonic acid, 0.05; and 
75 mg. of Enzyme Al II (dotted line) or 6 mg of purified enzyme 
(DEAE fraction, solid line) in a volume of 1 ml. Incubations in 
stoppered Warburg flasks at 30°. ADP was assayed by DPNH 
oxidation in the coupled pyruvate kinase assay (14). The reaction 
mixtures contained in wmoles: MgCle, 10; phosphate buffer pH 
6.9, 30; KF, 10; ATP, 1; phosphoenolpyruvate, 2; mevalonic acid 
pyrophosphate, 0.05; and in yg: pyruvic kinase, 25; lactic de- 
hydrogenase, 20; DPNH, 10; in a total volume of 1 ml. Dotted 
line, values obtained with 75 wg of ‘‘decarboxylase”’ Al II. Solid 
line, 6 ug of DEAE-fractionated enzyme. Incubations at 30° in 
l-ml cuvettes. 
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TABLE X 
Synthesis of Compound III in the presence of TO 
: 7 , Compound III Isopentenol 
— Substrate a. ——_— | T:C# T:Ccu 
cu T cu T 
d.p.m. of | d.p.m./ . oa 
cu mypatoms | d.p.m. | d.p.m. d.p.m. | d.p.m. 
mymole of H | 
107 285 (13100 11800 | 0.34 
i 145 720 | 7050 | 4870 | 0.14 | 3700 | 730 | 0.040 
3* 542 10550 | 9800 | 6810 | 0.036 17600 | 3490 | 0.010 
4t 542 3610 | 5400 | 6590 | 0.18 | 7110 | 2260 | 0.048 





* Compound III was prepared from 2-C'*-phosphomevalonic 
acid in the presence of Enzyme Fraction AS II-G (1.5 mg). The 
incubation mixture contained 0.01 m ATP, 0.005 m MnSO,, 0.02 
mM K phosphate buffer pH 7.6, and quantities of T:O to give the 
final specific activities of tritium shown above. After incubation 
for 1} hours at 30°, the mixture was deproteinized, the filtrate 
placed on Dowex 1-formate and the resin washed exhaustively 
with water. Isolation of III and hydrolysis to isopentenol as 
described in the text. 

+ Compound IIT was prepared from 2-C'*-labeled Compound 
II with Enzyme Fraction AS II-G; experimental conditions the 
same as above. 


phate (P*), 0.44; ADP®, 0.44. These values are corrected for 
the blanks (ATPase) of P® and ADP*® (0.073 and 0.076 umoles, 
respectively) determined in a control experiment in which II 
was omitted. The conversion of II to III was thus quantitative 
and accompanied by the formation of stoichiometric amounts of 
ADP and orthophosphate from ATP. 

The rate of ADP formation and release of C“O, from 1-C™- 
mevalonic pyrophosphate were compared in parallel experiments 
with both the 10-fold purified “decarboxylase” (Al II) and the 
120-fold purified enzyme (DEAE fraction). Before use the sub- 
strate was carefully freed of contaminating nucleotides by re- 
peated chromatography on paper and on Dowex columns. To 
follow the progress of decarboxylation, the reaction mixtures 
were incubated in stoppered Warburg flasks, containing KOH 
in the center well. The substrate was tipped in from the side 
arm at zero time. At the indicated time intervals, 0.25 ml of 
50 per cent trichloroacetic acid was tipped into the reaction 
mixture and the vessels kept closed for 90 minutes to permit 
complete absorption of C“O». BaC™O; was precipitated in the 
usual manner, counted, and corrections made for self-absorption. 
For the assay of ADP, the reaction mixtures described in the 
legend to Fig. 6 were incubated in 1-ml cuvettes of 1 em light 
path. The oxidation of DPNH was followed spectrophoto- 
metrically by the change in optical density at 340 my. It is 
seen that CO. and ADP are formed at identical rates by both the 
10-fold and the 120-fold purified “decarboxylase” and also that 
there is no lag in the appearance of either product. Thus there 
is no evidence for the existence of a stable phosphorylated inter- 
mediate formed separately before decarboxylation. Further 
fractionation of the “decarboxylase” will be necessary to as- 
certain whether the conversion of II to III is a single step process 
involving one enzyme only. From the results presented, the 


“decarboxylase” reaction is formulated as: mevalonic acid pyro- 
phosphate + ATP — isopentenylpyrophosphate + ADP + 
inorganic phosphate + CO, + H,0. 

Mechanism of the Decarboxylation Reaction—Data on the 
formation of isopentenylpyrophosphate in a T,O medium are 
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TaBLe XI 
Formation of squalene from Compounds II and III 
Substrate | ATP Squalene | Conversion 

c.p.m. c.p.m. | % 
Compound II*....... 2300 aa 2030 | 88 
Compound II*....... 2300 - 365 | 16 
Compound II*....... 1000 + 235 | 23.5 
Compound II*....... 1000 - eo 0.4 
Compound IIIf......| 1256 + 230 | 18 
Compound IIIf......| 1256 _ 553 | 44 
Compound III*......| 2250 + 965 43 
Compound III*......| 2250 - | 1152 | 52 








* The incubation system contained ‘‘terminal enzyme’’ plus 
Fraction AS II (see text); time of incubation, 3 hours. 

+t The enzyme was the crude, dialyzed supernatant obtained 
by high speed centrifugation of yeast autolysate; time of incuba- 
tion, 3 hours at 30°. 


7 CH2OPP 
CH OH CH OH 
sg Pf m** a4 
CHe CH3 CHe CH; 
COoH CO2H 

I II 


Fig. 7. Formulation of the phosphomevalonic kinase reaction 


given in Table X. In Experiments 1, 2, and 3, Compound III 
was formed from 2-C'-phosphomevalonic acid by enzyme AS 
II-G. In Experiment 4, Compound III was formed directly from 
II, with “decarboxylase.” The decarboxylation product was 
isolated by chromatography on Dowex 1-formate, an aliquot was 
set aside for isotopic analysis, and the remainder was subjected 
to hydrolysis by cobra venom as described above. Then 20 mg 
each of carrier isopentenol and of dimethylallyl alcohol were 
added, the mixtures extracted with ether and the extract sub- 
jected to vapor phase chromatography as described above. The 
separated alcohols were taken up in toluene and analyzed for 
tritium and C" by scintillation counting. It is seen that Com- 
pound III contained significant amounts of tritium in two of the 
four experiments but that the T content of the free isopentenol 
was negligible. The dimethylallyl alcohol collected by chroma- 
tography in two of the above experiments contained both tritium 
and C", but because of trailing of the isopentenol fraction, the 
significance of this observation is doubtful. The presence of 
tritium in isopentenylpyrophosphate and its virtual absence in 
the free alcohol suggest that in some of these experiments Com- 
pound III was contaminated by a tritium-containing ester which 
failed to separate from isopentenylpyrophosphate on Dowex 
chromatography. The compound most likely to be present is 
dimethylally] pyrophosphate, which Agranoff et al. (20) have 
shown to arise from isopentenylpyrophosphate by isomerization. 
Conceivably, some of our enzyme preparations were contami- 
nated with this isomerase. On the other hand, according to 
Agranoff et al. (20) the dimethylallyl ester is destroyed by 5 per 
cent trichloroacetic acid in the cold, whereas the tritium-contain- 
ing component in Compound III is stable under the conditions 
of Dowex chromatography, i.e. 4 N formic acid at room tempera- 
ture for many hours. Whatever the identity of the tritium- 
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containing component in III, it is clear that the formation of the 
isopentenyl] ester occurs without uptake of heavy hydrogen from 
the medium. 

Squalene Formation—In confirmation of earlier reports (9, 10), 
the data in Table XI show the ready transformation of iso- 
pentenylpyrophosphate to squalene by yeast extracts or yeast 
enzyme fractions. ATP is not required and seems, in fact, to 
be somewhat inhibitory. 


DISCUSSION 


The interaction of phosphomevalonic acid and ATP catalyzed 
by phosphomevalonic kinase affords stoichiometric amounts of 
ADP and of a product (Compound II) which contains the intact 
carbon skeleton of mevalonic acid and 2 atoms of phosphorus per 
molecule. That an addition of one phosphate residue to phos- 
phomevalonic acid is the only change which occurs during this 
reaction is shown by the following findings. (a) The formation 
of II can be demonstrated with both 2-C'- and 1-C'-phospho- 
mevalonic acid as precursors and hence the carboxyl group of 
the substrate is retained. (b) Hydrolysis of II either by acid or 
by various phosphatases yields phosphomevalonic acid and in- 
organic phosphate. (c) During the formation of II from P® 
mevalonic acid, P® is retained, and when II is formed from ATP®, 
P® is incorporated. Therefore, II must be a phosphorylation 
product of phosphomevalonic acid. Of the two phosphate resi- 
dues in Compound II, one has the acid lability typical of pyro- 
phosphate esters whereas the other is acid-resistant. The acid- 
labile phosphate residue in II is that which is introduced during 
the kinase reaction. All these properties are consistent with the 
pyrophosphate structure previously assigned (9) to Compound II 
(mevalonic acid 5-pyrophosphate). The alternative 3,5-di- 
phosphate or 3-pyrophosphate structures are most unlikely but 
cannot be rigidly excluded because phosphate esters of tertiary 
alcohols and their stability properties are unknown. It is con- 
ceivable, and in fact likely, that 3-phosphate esters of mevalonic 
acid are quite susceptible to acid but judging from the behavior 
of tertiary halides (21), the closest analogous compounds avail- 
able, C—O cleavage (elimination) is more likely to occur with 
tertiary esters than O—P cleavage, particularly under alkaline 
conditions. There are additional, contributory arguments which 
favor the pyrophosphate structure of Compound II. One of 
them is based on the observation*® that the phosphomevalonic 
kinase reaction is readily reversible, i.e. phosphomevalonic acid is 
reformed on incubation of II with the enzyme in the presence of 
ADP. The reaction (Fig. 7) thus is closely analogous to the 
adenylate kinase reaction and to the transphosphorylations in- 
volving ATP and various mononucleotides (22, 23): 





Mevalonic-P + Ad-PPP = mevalonic-PP + Ad-PP 
Ad-P + Ad-PPP = 2 Ad-PP 


Another line of reasoning based on the structure of isopentenyl- 
pyrophosphate will be presented below. 

Compound III (3-Methyl-3-butenyl-1-pyrophosphate)—Com- 
pound III was first detected on chromatographic analysis of re- 
action mixtures incubated with either phosphomevalonic acid or 
Compound II and ATP (24). Since it is observed when the sub- 
strate contains C“ at C-2 but not when the carboxy] group of 
the substrate is labeled, Compound III must be a decarboxylation 
product of mevalonic acid or of its phosphorylated derivatives. 


3M. Lindberg, unpublished observations. 








Octc 


The s 
follov 
volat 
3-me' 
separ 
ically 
3,5-« 
tion. 
is pre 
erties 
synth 
struc 
exper 
unit 
(25). 
cule, 
comp 
ments 
phosy 
alreac 
gain ¢ 
resid 
same 
introc 
and t 
phom 
pounc 
of III 
conve 
phate 
earlie! 
phate 
Me 
tion ¢ 
phate 
boxy]: 
C-3, ¢ 
the re 
of AL 
studie 
carbo: 
COs, : 
rates, 
tion ¢ 
mole « 
certail 
When 
ucts ¢ 
substr 
shoulc 
ester ¢ 
The | 
must : 
difficu 
reacti 
tion a 
synch 
synthe 
that t 
to oce 
cause 








10 


the 


10), 


east 
1, to 


yzed 
is of 
tact 
$ per 
hos- 
this 
ition 
pho- 
ip of 
id or 
d in- 
pe. 
TP®, 
ation 
resi- 
DyTO- 
acid- 
uring 
h the 
nd Il 
, 5-di- 
y but 
rtiary 
; con- 
alonic 
\avior 
avail- 
- with 
kaline 
which 
me of 
alonic 
acid is 
nce of 
to the 
ns in- 


itenyl- 


—Com- 
; of re- 
acid or 
ne sub- 
pup of 
ylation 
ratives. 





October 1959 


The structure of the carbon skeleton of III was established in the 
following manner. Hydrolysis by snake venom enzymes yield a 
volatile radioactive alcohol indistinguishable from authentic 
3-methy]-3-butenol by vapor phase chromatography and clearly 
separable from the isomeric dimethylally] alcohol. The enzymat- 
ically liberated alcohol also afforded, after carrier addition, a 
3,5-dinitrobenzoate which retained C on repeated crystalliza- 
tion. Final proof for the identity of the carbon skeleton in III 
js provided by comparison of the chemical and enzymatic prop- 
erties with those of the isopentenyl ester prepared by organic 
synthesis (10, 11). The assignment of the 3-methyl-3-buteny] 
structure to Compound III bears out our prediction, based on 
experiments with heavy hydrogen, that the biological isoprene 
unit is either isoprene itself or an ester of 3-methyl-3-butenol 
(25). Compound III contains 2 atoms of phosphorus per mole- 
cule, and since isopentenol has only one hydroxy] function the 
compound must be a pyrophosphate ester. The various experi- 
ments with P-labeled substrates and ATP® show that the 2 
phosphorus atoms of Compound III are the same which are 
already present in Compound II. There is no evident loss or 
gain of phosphorus or change in the linkage of the two phosphate 
residues to the carbon chain when II is converted to III. The 
same is true for the phosphate stability pattern, the phosphate 
introduced at the phosphomevalonic acid stage being acid-stable 
and the phosphate that enters subsequently during the phos- 
phomevalonic kinase reaction being acid-labile in both com- 
pounds. Under basic conditions, the phosphate ester linkages 
of III, like those of II, are uneffected. The fact that during the 
conversion of II to III the chemical properties of the two phos- 
phate residues remain unaltered, lends further strength to the 
earlier argument that Compound II already has the pyrophos- 
phate structure. 

Mechanism for Decarboxylation of II to II I—In the transforma- 
tion of mevalonic acid pyrophosphate to isopentenylpyrophos- 
phate, the following changes take place: removal of the car- 
boxylate group, elimination of the tertiary hydroxyl] function at 
C-3, and introduction of a terminal double bond. In addition, 
the reaction consumes ATP with the stoichiometric production 
of ADP and of inorganic phosphate. Whether the process is 
studied with the 10-fold or with the 100-fold purified ‘‘de- 
carboxylase,” the formation of isopentenylpyrophosphate, of 
CO., and of ADP and inorganic phosphate proceeds at identical 
rates, indicating that the various events occur without accumula- 
tion of stable intermediates. Since the reaction consumes 1 
mole of ATP for every mole of product formed, it seems almost 
certain that the over-all process includes a phosphorylation step. 
When labeled ATP is used in the reaction, no radioactive prod- 
ucts except ADP and inorganic phosphate are found. If the 
substrate were in fact phosphorylated the transient esterification 
should occur at the free hydroxyl group at C-3, and the resulting 
ester of a tertiary alcohol is likely to be quite unstable chemically. 
The possibility of an enzyme-bound phosphorylation product 
must also be considered. In either event its existence may prove 
difficult to establish. Although the role of ATP in the over-all 
reaction remains to be clarified, it is certain that the decarboxyla- 
tion and the removal of the tertiary hydroxyl (or OR) group are 
synchronized events. From our earlier studies on squalene 
synthesis in the presence of D,O we have drawn the conclusion 
that the decarboxylation of mevalonic acid or its derivatives had 
to occur without protonation of the carbon chain and that, be- 
cause of this restriction, decarboxylation and dehydration could 
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Fic. 8. Concerted mechanism for the ‘“‘decarboxylase’’ reaction 


not be consecutive events. A concerted mechanism was there- 
fore formulated and the isopenteny] structure of the decarboxyla- 
tion product anticipated (25). With the isolation of enzymes 
catalyzing the formation of the various phosphate esters the 
proposed mechanism could be tested in a more direct manner. 
That the reaction occurs without hydrogen uptake was shown by 
isotope analysis of Compound III after it had been formed in a 
T.O medium. The isopenteny] ester isolated by column chroma- 
tography contained tritium in amounts varying from 0.03 to 0.3 
atoms in four different experiments. However, analysis of the 
enzymatically liberated alcohol showed that the incorporation of 
tritium into isopentenol itself was insignificant. The introduc- 
tion into Compound III of some heavy hydrogen in two of the 
experiments (Table X) may be ascribed to an enzymatic isom- 
erization of the decarboxylation product to the dimethylallyl 
ester (20) but this must be subsequent to the formation of the 
isopentenyl ester. We have already considered the participa- 
tion of the dimethylallyl isomer in squalene synthesis but have 
pointed out that this isomer can be the source of only the two 
terminal units of the squalene chain (26). At any rate the 
virtual absence of tritium from the isopentenyl moiety in con- 
junction with the synchronous appearance of the products of the 
“decarboxylase” reaction is convincing evidence, if not proof, for 
the concerted nature of the mechanism by which mevalonic acid 
pyrophosphate is decarboxylated to isopentenylpyrophosphate 
(Fig. 8). 

The conversion of mevalonic acid pyrophosphate to iso- 
pentenylpyrophosphate represents a novel biochemical mecha- 
nism for the decarboxylation and simultaneous dehydration of a 
B-hydroxy acid to a terminal olefine. Chemical models for a 
concerted 6-elimination-decarboxylation exist, for example in the 
transformation of cinnamic acid dibromide to B-bromostyrene 
(27, 28) or of B-isovalerolactone to isobutylene (29). 

The reaction mechanism for converting Compound II to Com- 
pound III may be invoked as additional, if circumstantial, evi- 
dence in favor of the pyrophosphate structure assigned to Com- 
pound II. As stated already, the 2 phosphorus atoms are 
retained when Compound II is decarboxylated to isopentenyl- 
pyrophosphate and their stability properties remain unchanged. 
Because of the concomitant production of ADP from ATP, a 
transitory phosphorylation of II is assumed, but the phosphate 
so introduced does not appear in the decarboxylation product 
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and hence must be eliminated again. If II were the 3,5-di- 
phosphate of mevalonic acid, phosphorylation by ATP would be 
expected to afford either a 3-phosphate-5-pyrophosphate or a 
3-pyrophosphate-5-phosphate derivative, as illustrated in Fig. 9. 
In the first instance (A-/) the final reaction product would be 
isopentenylpyrophosphate, but of the two phosphates which it 
contains, only one would be derived from Compound II, the other 
coming from the ATP which participates in the conversion of II 
to III. This possibility is clearly ruled out by the results of the 
various labeling experiments with P®. The formation of a 
3-pyrophosphate (A-2) can also be excluded because the elimina- 
tion of the oxygen function at C-3 would lead to a monophosphate 
of isopentenol. Another alternative structure for II, the cyclic 
3,5-diphosphate, would involve an 8-membered ring structure 
and is therefore improbable. Thus the pyrophosphate structure 
of II, although not proved, is the only one compatible with the 
various lines of evidence. 

With the characterization of phosphomevalonic acid and the 
two pyrophosphate esters described in this paper, the ATP re- 
quirement for squalene synthesis from mevalonic acid is fully 
accounted for. Three molecules of ATP participate in the 
formation of 1 molecule of isopentenylpyrophosphate, the active 
‘fsoprenoid” unit that is capable of condensing to squalene with- 
out further intervention of ATP (9, 10). The transformation of 
mevalonic acid to the isoprenoid-condensing units involves, apart 
from the decarboxylation, the elimination of two hydroxyl groups. 
It is a reasonable assumption that esterification with pyrophos- 
phate (and possibly with phosphate) serves to facilitate elimina- 
tions, the O—PP and O—P groups being better leaving anions 
than hydroxide. The ensuing electron deficiency at C-3 will in 
turn facilitate the removal of the carboxylate ion while at C-1 it 
provides the necessary activation for a nucleophilic attack by a 
second isopenteny]! unit (10, 30). 


SUMMARY 


1. Enzymes catalyzing the formation of mevalonic acid 5-pyro- 
phosphate and of isopentenylpyrophosphate have been purified 
by fractionation of yeast autolysates. 

2. Phosphomevalonic kinase catalyzes the phosphorylation of 
phosphomevalonic acid to mevalonic acid 5-pyrophosphate by 
adenosine triphosphate in the presence of a divalent metal ion. 
Stoichiometric amounts of adenosine diphosphate are formed in 
the reaction. 

3. A purified “decarboxylase” catalyzes the transformation of 
mevalonic acid 5-pyrophosphate to isopentenylpyrophosphate 
and COs. 


during the reaction with the production of adenosine diphosphate 


One mole of adenosine triphosphate is consumed 
and inorganic phosphate. Isopentenylpyrophosphate formed in 
the presence of T,0 does not contain tritium in significant con- 
centrations. 


A concerted reaction mechanism is proposed for 


Mevalonic Acid Pyrophosphate and I sopentenylpyrophosphate 
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the transformation of mevalonic acid 5-pyrophosphate to iso- 
pentenylpyrophosphate. 
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In an earlier communication (1) and in Paper I of this series 
(2) a 5 carbon intermediate in the biosynthesis of squalene from 
mevalonic acid has been described and identified as 3-methyl- 
3-butenyl-1-pyrophosphate (isopentenylpyrosphosphate). The 
compound has now been synthesized chemically both in un- 
labeled and in tritium-labeled form and it is shown to have 
properties identical with those of the biosynthetic product. A 
chemical synthesis of the isopenteny] ester by a slightly different 
method has recently been reported by Lynen et al. (3). 


EXPERIMENTAL 


Isopentenylpyrophosphate was synthesized by the series of re- 
actions outlined below: 











CH: CH: 
o_on.c: Ms ~ 4 __Q)COr | 
eS Pa 
CH; CH; 
I 
CH: ~~ 
\ iAlH \ 
C—CH.CO.H a ____ J | ©—CH:CH:0H 
CH; CH; 
II Ill 
O 
T CH ? 
y >Cl, \ | NH; 
ae C—CH.CH,OPOC,H; a» 
Quinoline 
CH; Cl 
CH, O 
\ | OH- 
C—CH:CH,.0P—OC,H; > 
| 
CH; NH: 
CH: O 
\ | aaa > 
C—CH.CH.0F—0- Dioxane-2H;PO, 
CH; NH: 
IV 
CH: oO O 
\ | 


| 
C—CH:CH:0POP—O- 
Fé boll 
CH; 0-,0- 
Vv 
Melting points and boiling points are uncorrected. Infrared 
absorption spectra were determined with a Perkin-Elmer model 
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21 double-beam spectrophotometer; the solids were pressed in 
potassium bromide. Elementary analyses were performed by 
Elek Micro Analytical Laboratories, Los Angeles 16, California. 
Tritium-containing samples were counted either as infinitely thin 
samples in a gas flow counter or in a TriCarb scintillation counter 
(Packard Instrument Company) by the New England Nuclear 
Corporation. 

3-Methyl-3-butenoic Acid (II)—This material was prepared 
from 6-methallyl chloride (J) essentially by the method of 
Kharasch and Fuchs (4), b.p. 92-93° (29 to 30 mm), n” 1.4310 
(reported (5): b.p. 68-70° (5 mm), n” 1.4308). 

3-Methyl-3-butene-1-ol (A*-Isopentenol) (III)—Lithium alu- 
minum hydride (9.26 gm., 0.32 mole) was refluxed with anhy- 
drous ether (300 ml) for 1 hour in a three-necked flask equipped 
with mechanical stirrer, dropping funnel, and reflux con- 
denser (soda lime drying tube). A solution of the acid (25 g, 
0.25 mole) in 80 ml of ether was added at such a rate as to pro- 
duce gentle reflux. Heating under reflux was continued for 
another hour after the addition of acid was complete. The 
reaction mixture was cooled in ice; ice water was added cau- 
tiously to decompose the excess LiAIH, and then ice-cold 6 N 
HCl (250 ml) was added, with continuous stirring. The ether 
layer was separated, and the aqueous layer, saturated with NaCl, 
was extracted with two 100-ml portions of ether. The com- 
bined ether extracts were washed with saturated NaCl solution, 
and then with 10 per cent NazCO; to remove unchanged acid. 
After 3 more washings with saturated salt solution and drying 
over sodium sulfate, the ether was distilled off at low tempera- 
ture. The residue was distilled under reduced pressure. The 
main fraction distilled at 38.5-40.0° (12 to 13 mm) and weighed 
15.97 g (74 per cent), n2* 1.4318. A sample redistilled at 
atmospheric pressure had b.p. 128-129°, n? 1.4323 (reported 
(6): b.p. 131-132°, n® 1.4340). The infrared spectrum taken in 
CS, has bands at 2.77 to 2.95 uw (broad), 9.50 uw (s.), (OH); and 
3.22 uw (m.), 5.56 uw (w.), 6.04 wu (s.), 11.22 w (s.) (CH2=C <). 


C;H100 


C 69.72, H 11.70 
C 69.71, H 11.76 


Calculated: 
Found: 


The 3,5-dinitrobenzoate of the aleohol was prepared (7) in 
benzene solution with 0.67 equivalent of freshly crystallized 
3,5-dinitrobenzoyl chloride (m.p. 68-69°) and dry pyridine. 
After standing at room temperature overnight the reaction 
mixture was worked up in the usual way. Two crystallizations 
from ethanol afforded the benzoate as colorless plates in 79 per 
cent yield (based on benzoyl! chloride). 


Ci2Hi2N 206 


C 51.48, H 4.32, N 9.99 
C 51.52, H 4.45, N 9.98 


Calculated: 
Found: 


2605 








2606 


4000 3000 2000 1500 
T ! T 


Synthesis of 3-Methyl-3-butenyl-1-pyrophosphate 


Vol. 234, No. 10 


cm”! 
1000 900 800 700 
T T T T 





100 


= 
T T T 


TRANSMITTANCE (%) 


i 
°o 
T 








| i | j it 





Ghincl L ! ! ! ! 
3 4 5 6 7 8 


9 10 i 12 13 14 15 


WAVE LENGTH (MICRONS) 


Fig. 


4000 3000 2000 1500 
100 T T T 


1. Infrared spectrum of cyclohexylammonium isopentenylphosphoramidate (JV) 
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Fic. 2. Infrared spectrum of cyclohexylammonium isopentenylpyrophosphate (V) 


Isopentenol Phosphoramidate (IV)—The method followed was 
essentially that of Chambers and Khorana (8). To a stirred 
solution of phenyl phosphorodichloridate (1.857 g, 8.8 mmoles) 
in 3.5 ml of purified dioxane (9), a solution of isopentenol (688 
mg, 8 mmoles) and purified quinoline (0.94 ml, 8 mmoles) in 5 
ml of dioxane was added dropwise over a period of 30 minutes. 
Stirring was continued for 4 hours at room temperature. The 
reaction mixture, from which a white precipitate had separated, 
was cooled in an ice bath and anhydrous ammonia gas (dried by 
passage through a soda lime tower) was passed into the sus- 
pension for 15 minutes. The ammoniacal solution was allowed 
to stand at room temperature for 20 minutes and the precipitated 
ammonium chloride removed by centrifugation. The solid was 
washed thoroughly with dioxane. The combined supernatant 
and washings were concentrated under high vacuum at room 
temperature to a thick sirup. The crude product was dissolved 
in 8 ml of dioxane, and 10 ml of 1 n LiOH was added. After 
1 hour at room temperature, glacial acetic acid was added drop- 
wise to adjust the pH to 6.8 and the solution was evaporated 
under reduced pressure. The slightly yellow residue was dis- 
solved in water and the pH of the solution readjusted to 6.8. 
After five extractions with chloroform, the colorless aqueous 
layer was evaporated to dryness at room temperature under 
reduced pressure. Last traces of water were removed by re- 


evaporation after the addition of absolute ethanol and benzene. 


This step was repeated until the weight of the residue became 
constant. The resulting white powder (1.139 g) was triturated 
with 5.3 ml of methanol to remove the lithium acetate. The 
lithium salt of the amidate was converted into the cyclohexyl- 
ammonium salt by passing a solution of the lithium salt in 2 ml 
of water through a Dowex 50-cyclohexylammonium ion exchange 
column. The column was washed with 10 ml of water and the 
effluent was lyophilized. White, thin needles of cyclohexylam- 
monium isopentenyl phosphoramidate, 492 mg (23 per cent), 
m.p. 153-155°, were obtained. The infrared spectrum of JV is 
shown in Fig. 1. 

An analytical sample was dried over magnesium perchlorate 
and phosphorus pentoxide for 1 day each at room temperature 
under high vacuum. 


Ci:H2sN 203P 


Calculated: C 49.80, H 9.87 
Found: C 49.55, H 9.73 


Microhydrogenation of the amidate was carried out in a War- 
burg respirometer (10) at 30° with platinum oxide as the catalyst. 
The hydrogen uptake leveled off after 4 hours. A sample con- 
taining 0.662 mg of JV (2.50 umoles) in 2 ml of distilled water 
consumed 2.52 umoles of hydrogen; calculated, 2.50. 

Isopentenylpyrophosphate (_V)—The method used was modified 
after that of Moffatt and Khorana (11). To a stirred solution 
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of 26.5 mg (0.1 mmole) of the amidate (IJV) in anhydrous 
pyridine (3 ml), dioxane-phosphoric acid' (12) (142 mg, 0.5 
mmole) was added. The mixture was stirred at room tempera- 
ture for 2 days with the exclusion of moisture. The pyridine 
was evaporated under reduced pressure and 3 ml of water were 
added to the residue. One-half of this solution was chroma- 
tographed on a column (1.5 xX 10.5 cm) of Dowex 1-formate 
resin. After thorough washing with water, the column was 
eluted with 4 N formic acid containing 0.85 N ammonium formate 
(2). The effluent was evaporated to dryness at room tempera- 
ture under reduced pressure, and the residue freed of ammonium 
formate by sublimation at 40-50°. The resulting white solid 
was dissolved in 2 ml of water and passed slowly through a 
Dowex 50-cyclohexylammonium ion exchange column. The 
column was washed with 15 ml of water and the effluent was 
lyophilized. The white crystalline powder weighed 9.5 mg. 
The infrared spectrum is shown in Fig. 2. The terminal methyl- 
ene absorption band in the region of 11.2 » is somewhat obscured 
because of the presence of a strong broad band near 11 » which 
may be attributed to the pyrophosphate group (13). The ab- 
sorption at 12.0 u characteristic of the C—H bond in 


H 
es 
C=C 
’ See." 
of the isomeric dimethylally! alcohol is absent from this spec- 
trum. 

The product when chromatographed on Whatman No. 1 paper 
with tert-butyl alcohol-formic acid-water (40:10:16 by volume) 
gave a Rr value of 0.60 which is in the range observed for bio- 
synthetic isopentenylpyrophosphate (2). The compound was 
visualized by spraying with the reagent of Hanes and Isherwood 
(14) and irradiation with ultraviolet light (15). 

The product after drying over phosphorus pentoxide for 2 days 


at room temperature under high vacuum, was analyzed and 
found to be the monocyclohexylammonium salt. 


C,H 2NO7P2 
Calculated: N 4.06 
Found: N 3.65 


Phosphorus analyses (16) gave, for total P, 2.05 and for acid- 
labile P (15 minutes in 0.5 n H.SO, at 100°), 0.95 atoms of P 
per molecule. 

For microhydrogenation the pyrophosphate (1.328 mg, 3.85 
umoles) in 1.5 ml of water was hydrogenated at 32° with pre- 
hydrogenated platinum oxide (0.454 mg, 2 yumoles). The 
theoretical uptake is 3.85 uwmoles, whereas the value observed 
was 3.62. 

1-T-Isopentenylpyrophosphate was synthesized in analogous 
fashion, except that LiAIT, was used for the reduction of IJ to 
III. The final product had a specific activity of 2.58 x 10° 
d.p.m. per mg (4.61 x 105 c¢.p.m. per mg). 

Hydrolysis by Cobra Venom—Isopentenylpyrophosphate was 
hydrolyzed by cobra venom to the free alcohol and inorganic 
phosphate (2). To a 2-ml solution of tritium-labeled iso- 
pentenylpyrophosphate (1.59 x 10® d.p.m.), 0.35 ml of 1 m 
tris(hydroxymethyl)aminomethane buffer pH 9.2, and 0.25 ml 
of 0.1 M magnesium acetate were added. After addition of 
approximately 7 mg of cobra venom naja naja (Ross Allen 


1The use of dioxane-phosphoric acid was suggested to us by 
Dr. R. W. Chambers. 
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Reptile Institute), the mixture was incubated at 38°. Aliquots, 
0.02 ml, were withdrawn at different intervals to determine the 
extent of hydrolysis. By the end of 7 hours, most of the pyro- 
phosphate had been hydrolyzed as indicated by the small amount 
of remaining nonvolatile radioactivity measured in an aliquot. 
The hydrolysate was divided into three portions and worked up 
as follows: 

Vapor Phase Chromatography—To 1.0 ml of the hydrolysate 
(5.63 < 105 d.p.m.), 20 mg of unlabeled isopentenol were added 
and the mixture extracted 5 times with ether. Separation of the 
layers was greatly facilitated by centrifugation. The combined 
ether extracts were dried over magnesium sulfate, and the ether 
evaporated through a stainless steel wool column (12 cm long) 
at a bath temperature of 50-60°. The radioactive residue con- 
taining isopentenol was chromatographed on a Celite 20 per cent 
silicon oil column with helium as the eluting gas at a furnace 
temperature of 52°. The fraction corresponding to isopentenol 
was collected and found to contain 3.12 x 105 d.p.m. or 55 per 
cent of the radioactivity in the hydrolysate. The instrument 
used did not permit quantitative collection and recovery of the 
chromatographed samples. 

Cocrystallization with Carrier Alcohols—To 1.0 ml of the 
hydrolysate (1.06 x 10° c.p.m.), carrier isopentenol was added. 
The mixture was extracted 5 times with benzene. Separation of 
layers was aided by centrifugation. The combined benzene 
extracts were dried over magnesium sulfate and then converted 
into the 3,5-dinitrobenzoate in the usual manner. The deriva- 
tives were recrystallized several times and gave the following 
specific activities (c.p.m. per 10 wg) for the 3rd and 4th ecrystal- 
lizations, respectively: 16.6, 16.3. In an analogous cocrystalliza- 
tion with the derivative of dimethylallyl alcohol, the 3 ,5-di- 
nitrobenzoate contained no significant concentration of tritium. 

The synthetic tritium-labeled isopentenylpyrophosphate was 
converted enzymatically to squalene in yields comparable to those 
obtained with the biosynthetic product (1). This conversion 
requires reduced triphosphopyridine nucleotide but not adenosine 
triphosphate. The results are shown in Table I. 


TABLE I 
Conversion of synthetic 1-T-isopentenylpyrophosphate to squalene 


Experiments performed by Drs. Sterling Chaykin and Benja- 
min Amdur. 











Experiment Substrate Cofactor added Squalene | Conversion 

| C.p.m. | c.p.m. | Q, 

'w | 50,694 | DPNH+ ATP | _ 31,937 | 63 

2° | 50,694 | DPNH + ATP | 27,429 | 54 

3t 20,740 | TPNH + ATP | 4,510 | 22 

4st | 20,740 | TPNH 4,970 | 24 

5t | 20,740 | ATP | 570, | 2.7 

6t | 20,740 | 310 | 1.5 








* Each experimental flask contained 10 ml of supernatant ob- 
tained by centrifugation of crude yeast autolysate at 25,000 X g, 
10 mg of nucleotide as indicated, Mn** 107? m, 110 yg. (50,694 
c.p.m.) of the cyclohexylammonium salt of T-labeled isopentenyl- 
pyrophosphate. Incubations were run in air at 30° for 8 hours. 


+t Each experimental flask contained 1 ml of yeast enzyme 
preparation (Extract A (17)), 1 mg of nucleotide as indicated, 
Mn** 10°? m, 45 wg (20,740 c.p.m.) of the cyclohexylammonium 
salt of T-labeled isopentenylpyrophosphate. 
run in air at 30° for 3 hours. 


Incubations were 
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SUMMARY 


A*-Isopentenylpyrophosphate has been synthesized and has 


been shown to be converted to squalene by yeast extracts. 
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Il. KINETICS AND SUBSTRATE SPECIFICITIES* 


Lorna J. Lancer,{ Joyce A. ALEXANDER, AND Lewis L. Ence.t 


From The John Collins Warren Laboratories of the Collis P. Huntington Memorial Hospital of Harvard University 
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A diphosphopyridine nucleotide-linked estradiol-178 dehy- 
drogenase has been partially purified from human term placenta 
by a process which removes the A°-38-hydroxysteroid dehydro- 
genase activity initially present (1). Talalay et al. (2, 3) with 
the use of estradiol-178 dehydrogenase purified by a somewhat 
different procedure, confirmed several previous observations on 
its characteristics; namely, the essential sulfhydryl groups, sta- 
bilization by estradiol, and almost constant initial reaction 
velocity from pH 6 to pH 9. The enzyme preparations used in 
these experiments, as well as those studied by Talalay et al. 
(2, 3), are also active in the presence of triphosphopyridine 
nucleotide. Hagerman et al. (4) have demonstrated that the 
di- and triphosphopyridine nucleotide-linked dehydrogenation 
of estradiol are catalyzed by different enzymes, and have suc- 
ceeded in separating the two activities. 

The reaction kinetics and substrate specificity of the DPN- 
specific estradiol-178 dehydrogenase have now been examined. 
This enzyme, in the presence of DPN or DPNH, has been found 
to possess high affinity and structural specificity for its substrates. 
From the results of these studies, some characteristics of the 
interactions of the enzyme with steroids could be deduced. 


METHODS 


The methods used were generally as already described (1). 
When supplies of a steroid were very limited, concentrations of 
less than 0.1 ymole per ml were sometimes used. The rates of 
oxidation or reduction of some steroids measured as DPNH 
formation or disappearance, were occasionally determined or 
checked in the Cary recording spectrophotometer. Reaction 
rates were also measured in an Aminco-Bowman spectrophoto- 
fluorometer equipped with a strip chart recorder, with the use 
of an activating wave length of 360 my and a fluorescence wave 
length of 450 mu. When the purity and supply of a compound 
permitted, and its reactivity was sufficient, Michaelis constants 
and maximal reaction velocities were determined from plots 


* This is Publication No. 969 of the Cancer Commission of 
Harvard University. This work was supported by grants from 
the National Cancer Institute, United States Public Health 
Service, a grant from the American Cancer Society, Inc., and a 
grant from the Jane Coffin Childs Memorial Fund for Medical 
Research. 

+ Predoctoral Fellow of the United States Public Health Serv- 
ice. A part of this work is taken from a thesis submitted in June 
1957 to the Radcliffe Graduate School in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 

t Permanent Faculty Fellow of the American Cancer Society. 


according to Lineweaver and Burk (5). For these studies, the 
temperature of the reaction mixture was held at 37 + 1° by 
means of thermospacers. Human serum albumin was omitted 
from these assay systems since it also binds steroids (6-9). 

Whenever possible, the purity of the steroids studied was in- 
vestigated chromatographically (1). Estrone appeared to be 
pure, whereas estradiol was contaminated with very small 
amounts of dihydroequilenin. Most other steroids used were 
found to contain little or no contaminating phenolic or ketonic 
material. Extracts of the reaction mixtures were also chroma- 
tographed (1), to provide a check on the spectrophotometric 
measurements of reactivity and a partial identification of the 
reaction products of each steroid studied. 

RESULTS 
Unreactive Positions 

The following steroid substituents have been found not to be 
acted upon by estradiol-178 dehydrogenase: 3a-hydroxy, 38- 
hydroxy, 3-keto, 7-keto, lla-hydroxy, 118-hydroxy, 168-hy- 
droxy, 17a-hydroxy, and 21-hydroxy. Estradiol-3,16a was 
dehydrogenated at about 1% of the rate with estradiol. Be- 
cause of the very low 16a-hydroxysteroid dehydrogenation rate 
in all enzyme preparations, it was not possible to determine 
whether the same enzyme catalyzes 16a- and 178-hydroxysteroid 
dehydrogenation. No conclusive results could be obtained by 
a study of the ratios of reaction rates with different preparations 
or under different experimental conditions. 


Effects of Alterations in Steroid Structure 


1. Ring A—The 19-carbon nonaromatic steroids, testosterone, 
178-hydroxy-5a-androstan-3-one, and 178-hydroxy-58-andro- 
stan-3-one were dehydrogenated at less than 1% of the rate 
with estradiol. 19-Nortestosterone was oxidized significantly 
more rapidly, but still at only about 2% of the rate with estradiol. 
The substrate specificity of estradiol-178 dehydrogenase thus 
differs substantially from that of the 6 enzyme from Pseudomonas 
testosteroni (10, 11), which also catalyzes the interconversion of 
estrone and estradiol (Table I). 

The rates of hydrogenation of 4-androstene-3,17-dione, 
19-nor-4-androstene-3,17-dione, 1 ,4-androstadiene-3 , 17-dione, 
10&-hydroxy-1 ,4-estradiene-3,17-dione (12), 3a-hydroxy-5a- 
androstan-17-one, 38-hydroxy-5a-androstan-17-one, 38-hydroxy- 
5-androsten-17-one, and 3a-hydroxy-56-androstan-17-one were 


again roughly 1% or less of the rate with estrone. Paper 
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TABLE I 


Relative rates of steroid dehydrogenation catalyzed by 8 enzyme and 
by estradiol-178 dehydrogenase* 





| 
Estradiol-178 











Compound B Enzymet dehydrogenase 
Vo or Vinax V 
Ee eee ere 13.3 100 
178-Hydroxy-4-androsten-3-one (testos- 

EN ttt atc cat bee hg 25: gi 25°C 100 <1 
178-Hydroxy-5a-androstan- 3-1 ene. .... 90 <1 
178-Hydroxy-58-androstan-3-one........ 84.7 <1 
19-Nor-178-hydroxy-4-androsten-3-one 

(19-nortestosterone)................. 80.0 2 





* V., relative maximal reaction velocity at optimal substrate 
concentration; Vmax, relative maximal reaction velocity from 
Lineweaver-Burk plots, where Michaelis-Menten kinetics are fol- 
lowed; V, relative reaction velocity at 0.1 mm steroid concentra- 
tions. 

t Data taken from Talalay and Marcus (11). 





Taste II 


Estrone or estradiol derivatives substituted at C-3 or altered in 
number or location of double bonds, or both 





Ref- | \ 

















| | 
Compound er- | S | V | Km So V ta - 
men ‘ ew! | 
|x 10-5 | x 10 |X 10-6 a 
Estrone 3-methyl ether | 1 | | | 3.0 158 
Estradiol 3-methyl | 1 | 3.0 175 
ether | | | 
Estrone 3-oxyacetic | | 3.3 | 45 | 
acid ether | | | 
6-Dehydroestrone 3-|14/ 10.0 | 0} 
benzoate | | 
Equilin 1.3 | 165 
Equilenin | 2.0 | 155 
pu-3-Deoxyequilenin | 15 | | | | 2.0 | 220 
pi-6-Methoxy-3-deoxy-| 15 | eae | 4.0¢ | 287 
equilenin | | | 
5,7,9-Estratriene-38,- | 16 | | | | 10.0 635 
176-diol | | | 
5,7,9-Estratrien-38-ol- | 17 | 5.0 | 200 | 
17-one | | 


Estradiol-176 Dehydrogenase. II 


Vol. 234, No. 10 


Dehydrogenation of testosterone by placental extracts has 
also been noted by Meyer (13). In the present experiments, the 
ratios of the rates of testosterone or 19-nortestosterone dehydro. 
genation to estradiol dehydrogenation remained approximately 
constant with different enzyme preparations at all stages of the 
purification procedure, and at different pH values. Talalay and 
Marcus (10, 11) observed inhibition by excess substrate of de- 
hydrogenation of some neutral steroids with the 8 enzyme. 
With estradiol dehydrogenase and 19-nortestosterone as sub. 
strate, however, no such effect was observed. 

Among aromatic steroids, the effect of various substitutions 
in ring A was also investigated. The phenolic hydroxyl group 
at carbon 3 was found not essential for reactivity. Methyla- 


tion or replacement of the hydroxyl group by hydrogen yielded 


even more reactive substrates (Table II). The considerably 
bulkier benzoate group, however, completely inhibited hydrogen- 
ation of the carbonyl group at carbon 17, whereas the oxyacetic 
acid or acetyl group inhibited only partially (Tables II and III). 

The introduction of substituents in ring A at positions other 
than C-3 generally depressed reactivity (Tables III and IV), 
For example, 1-methylestradiol was considerably less reactive 
than estradiol, and the 1,2-dimethyl derivatives even less re- 
active (Table IV). The p-quinones, 2,5(10)-estradiene-1 , 4, 17- 
trione and 3-hydroxy-2,5(10)-estradiene-1,4,17-trione are ex- 
ceptions to the general finding that only aromatic steroids 
possess high reactivity. 

Methyl, nitro, or amino derivatives of estrone or estradiol at 
C-2 reacted at only about half the rate with the unsubstituted 
steroid (Table III). 2-Methoxyestrone, however, was almost 
as reactive as estrone; 2-fluoroestradiol was completely unre- 
active. The 4-nitro derivatives reacted much like 2-nitro- 
estradiol, but 4-aminoestrone showed significantly higher re- 
activity. The presence of two nitro groups in ring A further 
depressed reactivity. 4-Fluoroestradiol, like 2-fluoroestradiol, 
was totally unreactive. 

2. Ring B—Introduction of a double bond between carbons 
6 and 7 or 7 and 8, or of an aromatic B ring, increased the re- 


TaBLe III 


C-2 or C-4, or both, substituted derivatives of estrone or estradiol 





Reference | Ss V 





° ‘S, steroid pabsteate concentration; V, % of the reaction veloc- 
ity with estrone or estradiol at concentration S, determined in 
the same experiment; K,,, Michaelis constant, calculated from 
Lineweaver -Burk plots, where Michaelis-Menten kinetics are 
followed; S,, optimal substrate concentration, where inhibition 
occurred at higher concentrations; V., reaction velocity at con- 
centration S,, as % of the reaction velocity with the same con- 
centration of estrone or estradiol, determined in the same ex- 
periment; Vinax, Maximal reaction velocity, as % of the maximal 
reaction velocity with estrone or estradiol, calculated from Line- 
weaver-Burk plots, where Michaelis-Menten kinetics are followed. 

t These references refer to the syntheses or proofs of structure 
of the compounds used, or both. 

t Concentration of the p enantiomorph. 


chromatograms of extracts of assay mixtures indicated small 
conversions of the 178-hydroxysteroids to the corresponding 
17-ketosteroids, and of 4-androstene-3,17-dione and 19-nor-4- 
androstene-3 , 17-dione to the corresponding 178-hydroxysteroids. 











Compound | 
| xX 10% uw 
2-Methylestradiol...... ai | 18 3.3 53 
2-Nitroestradiol................ | 10.0 50 
2-Nitroestrone* . 19 3.3 43 
2-Nitroestrone 3-oxyacetic acid | 
ether. ... : 20 10.0 | 24 
2- Amincestradiol.. onl 21 10.0 | 62 
2-Methoxy estrone .. ae nweee 21 | 10.0 84 
2-Fluoroestradiol... . ian 22 | 10.0 0 
4-Nitroestradiol. . 10.0 47 
4-Nitroestrone................ | 19 3.3 | 67 
4-Aminoestrone...... ' 21 10.0 | 98 
4-Aminoestrone 3,4- dincet ate. 10.0 | 8 
4-Fluoroestradiol............. 22 10.0 | 0 
2,4-Dinitroestradiol | 10.0 | 27 
2,4-Dinitroestrone....... } 19 | 33 | 19 
2,4-Dinitroestrone 3-oxyacetic 
a 20 | 10.0 | 13 


| 





* Contaminated with 2,4-dinitroestrone. 








Octok 


activit 
was t 
an aro 
more | 
A ¢i 
the st 
ductic 
II). 
droxy 
differe 
more 
dihyd 
reacti 
hydre 
3. 
carb ) 
and 
activ’ 
4. 
react 
16-ke 
ever, 
(Tab 
bility 
react 
a car 
of a’ 
16 
with 
mate 
had 
othe 
In vi 
drox 








o. 10 


s has 
s, the 
ydro- 
ately 
of the 
y and 
of de. 
zyme, 

sub- 


itions 
group 
thyla- 
ielded 
rably 
ogen- 
acetic 
ITD), 
other 
IV). 
uctive 
Ss re- 
4,17- 
e ex 


roids fF 


iol at 
tuted 
lmost 
unre- 
nitro- 
r re- 
irther 
adiol, 


rbons 
1e re- 





October 1959 


activity of the steroid (Tables II and IV). Most unexpected 
was the observation that 5,7 ,9-estratriene-368 ,178-diol, with 
an aromatic B ring and nonaromatic A ring, was dehydrogenated 
more than 6 times as rapidly as estradiol (Table II). 

A carbonyl group at carbon 6 or 7 also increased reactivity of 
the steroid (Table V). In the 3-deoxyequilenin series, intro- 
duction of a 6-methoxy group again increased reactivity (Table 
II). A 7a-hydroxy group had little or no effect, but a 78-hy- 
droxy group depressed reactivity about 35% (Table V). The 
difference in effect of the a and 6 oriented hydroxy] groups is 
more pronounced at position 6. 6“‘a’’-Hydroxyestradiol, 6a ,7a- 
dihydroxyestradiol, and 6a ,7a-dihydroxyestrone are at least as 
reactive as estradiol or estrone, but 68 ,7a-dihydroxyestrone is 
hydrogenated only about one-fourth as rapidly as estrone. 

3. Ring C—Although introduction of a carbonyl group at 
carbon 11 in equilenin markedly increased reactivity, both 1la- 
and 118-hydroxyestradiol have substantially diminished re- 
activity (Table VI). 

4. Ring D—Substituents at position 16 markedly influence 
reactivity at position 17. 16-Methylene-estrone, estriol, and 
16-ketoestradiol are totally unreactive. 16-Ketoestrone, how- 
ever, was hydrogenated at about one-fourth the rate with estrone 
(Table VII), yielding a product with the chromatographic mo- 
bility of 16-ketoestradiol. The apparent irreversibility of this 
reaction may indicate that the enzyme can more readily approach 
a carbonyl than a hydroxyl group at carbon 17, in the presence 
of a carbonyl group at carbon 16. 

16-Epiestriol was dehydrogenated at about 1% of the rate 
with estradiol, yielding, after 3 hours of incubation, approxi- 
mately equal quantities of two a-ketolic products, one of which 
had the chromatographic mobility of 16-ketoestradiol. The 
other, less mobile compound, may have been 168-hydroxyestrone. 
In view of the observed base-catalyzed rearrangements of 16-hy- 
droxy-17-ketosteroids to 17-hydroxy-16-ketosteroids (37-40), it 


TaBLe IV 
C-1 substituted, C-1, 2 disubstituted, and C-1, 4 disubstituted 
derivatives of estrone or estradiol 























Compound — S | © 4, me Vmax 
x 10 m| [x 10-8 a} 
1-Methylestradiol | 23 | | 1.5 | 40 
1-Methyl-6-dehydroestradiol | 23 | | 0.85 | 80 
1-Methyl-6-dehydroestrone 23 3.3 | 81 | 
1,2-Dimethylestradiol | 18 3.3 | 18 | | 
1,2-Dimethylestrone | 18 3.3 6 
1,2-Dimethyl-6-dehydroes- 18 3.3 50 | 
trone 
1,3-Dihydroxy-1,3,5(10)- | 12 10.0 42 
estratrien-17-one (1-hy- | 
droxyestrone) | 
1,4-Dihydroxy-1,3,5(10)- 12 10.0 16 
estratrien-17-one 
1,4-Diacetoxy-1,3,5(10)- 12 10.0 | 2 
estratrien-17-one | 
4-Methyl-1,3,5(10)-estra- 24 | /3.2 | 35 
triene-1,178-diol 
2,5(10)-Estradiene-l ,4,17- 12 | 10.0 | 72 | 
trione | 
3-Hydroxy-2,5(10)-estra- 12 | 10.0 | 15 


diene-1,4,17-trione 








L. J. Langer, J. A. Alexander, and L. L. Engel 
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TABLE V 
Ring B oxygenated derivatives of estrone or estradiol 
Compound + Ss V Kn | Vmax 
Ix 10+} (KO 
6-Ketoestrone............ | 25 3.3 | 130 
7-Ketoestrone. . we 26 4.7 | 175 
78-Hydroxyestrone... : 10.0 65 
7a-Hydroxyestrone. 27 10.0 | 90 
7a-Hydroxyestradiol. .. 27 | 10.0 | 100 
6“a’’-Hydroxyestradiol 28 10.0 | 157 
68,7a-Dihydroxyestrone....| 27 10.0 | 23 
6a ,7a-Dihydroxyestradiol...| 27 10.0 | 100 
6a ,7a-Dihydroxyestrone 27 10.0 | 123 
TaBLe VI 
Ring C substituted derivatives of estrone or estradiol 
: Refer- ' ME ie ge 
Compound coin RN) V | Kw | Vmax 
ri cael lye 10-5 aul x 10-5 w 
lla-Hydroxyestradiol.......| 29 3.3 | 29 | 
. | | 
118-Hydroxyestradiol...... 29 3.3 | 20 | 
11-Ketoequilenin acetate...| 30 | | 1.2 525 
TaBLe VII 


Ring D substituted derivatives of estrone or estradiol 





Compound | Reference S V 
a= givens: ~ 10% 
Estriol... 10.0 0 
16-Epiestriol . .. : = 10.0 1 
16-Ketoestradiol 32 | 10.0 0 


16-Ketoestrone. . fy 32 3.3 23 








| 
16-Methylene-estrone | 10.0 0 
Estradiol-3 , 168... 33 10.0 0 
Estradiol-3,16a......... | 34 10.0 1 
Estradiol-3, 17a... | 10.0 0 
Dihydroequilenin-3, 17a. . 35 10.0 0 
Dihydroequilin-3, 17a | 35 10.0 0 

18-Nor-D-homoestrone 3-methy] 
ether. . 36 3.3 30 





is probable that 168-hydroxyestrone was the principal product 
of the enzymatic reaction. 

5. Stereoisomers—The reactivities of some steroids differing 
from the natural estrogens in configuration at the B:C or C:D 
ring fusions, or both, were also measured. Most of these syn- 
thetic compounds were available only as racemates. Interpre- 
tation of rate data in such situations is complicated by the 
possibilities of inhibition by one enantiomorph of the reaction 
of the other, or of different rates of reaction of the two enantio- 
morphs. Little or no hydrogenation of the following steroids 
with cis C:D ring fusions was detectable:' L-8-iso-9-iso-14-iso- 
estrone 3-methyl ether (lumiestrone methyl ether), pL-iso-equile- 
nin 3-methyl ether, pi-3-deoxyisoequilenin, or pL-6-methoxy-3- 


1 The assignments of configuration at the ring fusions are based 
primarily on the conclusions of Johnson et al. (41). In this paper 
carbon 13 is considered the reference position in naming the 
isomers. 
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Tas_e VIII 
Estrone or estradiol isomers 











Compound Aner and | Johnson namet | St | V 
See Seen ee ere, See ae! ee 
| x 10% ul 

pL-8-Iso-9-isoestrone | Estrone e 5.0 48 
p-8-Isoestradiol 10.0 | 260 
L-8-Iso-9-iso-14-isoes- 10.0 0 

trone 3-methyl ether 

(lumiestrone3-methy] 

ether) 
pDL-14-Isoestrone Estrone a 3.3 <1 
pL-9-Isoestrone Kstrone d | Estrone a2 3.3 <i 
DL-8-Iso-14-isoestrone Estronea; | 3.3 | <1 











* Anner and Miescher (42, 43). 
t Johnson et al. (36). 


t In the case of racemates, S is the concentration of the pb 
enantiomorph. 











TABLE IX 
Natural estrogens and their racemates 























Compound Reference Ss V 
: + Vea ani | xX 10-5 M 
p-Estrone........ Tr 2.5 100 
pu-Estrone................] 42 5.0 74 
p-Equilenin............ | 10.0 160 
pL-Equilenin........... ‘| 15 20.0 139 
200+ 

> 
WW 
= 
100} oy © . 
lJ 
a 

Ll | 1 








10 20 
STEROID CONCENTRATION X10°M 


Fig. 1. Relation between the initial rate of hydrogenation and 
the substrate concentration. © O, estrone; @——@, estrone 
3-methyl ether. The ordinate is the relative initial reaction 
velocity. Vmax for estrone = 100. 





deoxyisoequilenin. pt-14-Isoestrone and pDL-8-iso-14-isoestrone 
were reduced very slowly (Table VIII). p1t-9-Isoestrone also 
exhibited very low reactivity, but the p-8-isoestradiol obtained 
on hydrogenation of equilenin (16) reacted even more rapidly 
than estradiol, and pL-8-iso-9-isoestrone also showed substantial 
reactivity. 

A comparison of the initial rates of dehydrogenation for p- 
estrone and p-equilenin to the rates for their racemates reveals 
that the L-enantiomorph significantly inhibits estradiol-178 
dehydrogenase (Table IX), whereas the stoichiometry of the 
reaction with DL-estrone, DL-8-iso-9-isoestrone, and DL-equilenin 
indicates that only the natural p form is attacked. Estradiol-178 
dehydrogenase may therefore be used for the resolution of racemic 
modifications of suitable steroids. A Saccharomyces has been 


Estradiol-178 Dehydrogenase. 
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Fic. 2. Relation between the initial rate of hydrogenation and 
the log of the substrate concentration. ©——O, estrone 3- 
methyl ether; @ @, pi-3-deoxyequilenin (the concentration 
of the p enantiomorph is used). 

The ordinate is the relative initial reaction velocity. 
for estrone = 100. 
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similarly employed to resolve racemic estrone into the readily 
separable L-estrone and p-estradiol (44). 
Kinetics 

The reaction velocities of most of the aromatic steroids so 
studied followed Michaelis-Menten kinetics within the concen- 
tration range investigated (Fig. 1). The Michaelis constants 
determined are all quite low (Tables II, III, V, and VI), indi- 
cating high affinity of the enzyme for these steroids. The aver- 
age Michaelis constant for both estrone and estradiol at 37° is 
2.2 X 10-'m. At about 23°, determined in the Cary instrument, 
the even lower values for estradiol of 3.0, 3.4, and 3.5 & 10-§ m 
were obtained.2~ The Michaelis constant for estradiol was eval- 
uated as 4.5 X 10-® m, with the use of the Aminco-Bowman 
spectrophotofluorometer at this same temperature. 

Estrone 3-methyl ether, 5,7 ,9-estratriene-38 ,178-diol, p1-3- 
deoxyequilenin, and pi-6-methoxy-3-deoxyequilenin were found 
to inhibit estradiol-178 dehydrogenase at high substrate con- 
centrations (Fig. 1). Similar inhibitions have been observed 
with some neutral, but not phenolic, steroids and the 6-enzyme 
from P. testosteroni (10, 11), and have been attributed to forma- 
tion of inactive complexes involving two molecules of substrate 
and one of enzyme (45, Such complex formation may 
account for the results obtaiued with estrone 3-methyl ether and 
5,7 ,9-estratriene-36 ,178-diol. Plots of the initial reaction 
rates against the logarithm of the substrate concentrations for 
these two steroids yield fairly symmetrical bell-shaped curves 
(Fig. 2), as predicted by the theory of such inactive complex 
formation (46). The even more marked inhibition produced by 
DL-3-deoxyequilenin (Fig. 2) and pi-6-methoxy-3-deoxyequilenin 
may reflect a combination of nonactivated complex formation 
and other factors, such as inhibition by enantiomorphs (see 
above). 


DISCUSSION 


The DPN-specific estradiol-178 dehydrogenase shows absolute 
stereochemical specificity for the 176-hydroxy group. 17a-Hy- 


2 The authors are indebted to Mr. Dale Cowan for these deter- 
minations. 
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droxysteroids are not dehydrogenated, and only the 178-hydroxy 
compound is formed on hydrogenation of the 17-ketosteroids. 

Although some nonaromatic steroids are very slowly attacked, 
an aromatic A or B ring, or both, appears generally to be an 
essential characteristic of highly reactive substrates. The low 
reactivity of 19-nortestosterone indicates that the angular methyl 
group (C-19) is responsible for only a small portion of the de- 
pression of reactivity with nonaromatic steroids. 

The phenolic hydroxyl group is not required for steroid re- 
activity, and ionization of this group has essentially no effect on 
the reaction velocity (1). The inhibition of estradiol-178 dehy- 
drogenase by neutral aromatic steroids at high concentrations 
suggests that the phenolic hydroxyl group may influence orienta- 
tion of the steroid on the enzyme surface. In the absence of a 
phenolic hydroxyl group to provide a specific point of inter- 
action, some steroids may be able to approach the enzyme in 
more than one way, leading to non-activated complex formation. 
The hydrogenation of 18-nor-p-homoestrone 3-methyl ether 
(Table VII) demonstrates that the angular methyl group (C-18) 
js not required for reactivity, and also that expanding the D 
ring to a 6-membered ring does not completely destroy reactivity. 

There appears to be a correlation between the degree of pla- 
narity of the steroid and its reactivity and affinity for estradiol- 
178 dehydrogenase. The planarity of the aromatic ring may 
be an important factor contributing to the much greater re- 
activity of aromatic steroids. The only significantly reactive 
nonaromatiec steroids, 2,5(10)-estradien-1 ,4,17-trione and 3-hy- 
droxy-2 ,5(10)-estradien-1 ,4,17-trione, possess a planar p-quin- 
onoid A ring. Additional double bonds in the B ring increase 
planarity. Examination of models suggests that carbonyl 
groups at carbons 6, 7, or 11 further increase planarity, and all 
also increase the reactivity of the steroid. The more unsaturated 
steroids exhibit greater affinity for the enzyme, whereas the 
influence of the carbonyl groups at different positions is not 
consistent. 

The high affinity for substrates, the steric specificity, and the 
often pronounced effect of distant modifications on steroid re- 
activity indicate multiple sites of interaction with the enzyme 
over the whole steroid surface. Cumulative forces of the van 
der Waals-London dispersion type are presumably responsible 
for the interaction of the nonpolar steroid groups with the en- 
zyme surface. The interaction of the additional methyl groups 
of 1-methylestradiol and 1-methyl-6-dehydroestradiol with the 
enzyme (Table IV) is thus probably responsible for the stronger 
binding of these steroids. 

Inhibition of reactivity by an a-oriented angular methyl group 
(C-18), and more complete inhibition by a 16a-hydroxyl than 
by a 168-hydroxyl (estriol versus 16-epiestriol, Table VII) sug- 
gest that it is the rear or a surface of steroids that binds to 
estradiol-178 dehydrogenase. 

Comparison of the reactivities of several estrone diastereomers 
emphasizes the importance of the contour of the a surface for 
substrate reactivity. In the p series, it is apparent from molec- 
ular models that the a@ surfaces of 14-isoestrone, 8-iso-14-iso- 
estrone, and 9-isoestrone, none of which possess significant re- 
activity, are markedly distorted from the slightly convex shape 
of the @ surface of natural estrone. These molecules possess 
concave a surfaces, so that they fold back upon themselves to 
varying degrees. The a@ surfaces of the significantly more re- 
active 8-isoestradiol and 8-iso-9-isoestrone are instead somewhat 
more convex than the a surface of estradiol or estrone. 
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It is difficult, however, to reconcile this picture of interaction 
of the enzyme with the a surface of the steroid with the observa- 
tion that the 68-, 78-, and 118-hydroxy groups all depress re- 
activity of the steroid substrate. The greater depression ex- 
hibited by the axial 68- and 118-hydroxy than by the equatorial 
78-hydroxy strongly suggests interaction also of the 6 surface 
of the steroid with the enzyme. 

Multiple sites of interaction, involving the whole steroid, have 
also been suggested by several studies on the nature of steroid 
interactions with other substances. Distant functional groups 
have been observed to induce marked alterations in the reactivity 
of steroids in several chemical reactions. It has been emphasized 
that the entire steroid molecule should thus be considered to be 
the reactive entity (47). Multiple sites for steroid interactions 
with serum albumin have been suggested by the work of Schell- 
man et al. (48) and of Westphal and Ashley (9). Binding over 
the whole @ surface of steroids to the 8 enzyme was postulated 
by Talalay and Marcus (10,11). Purines and purine derivatives 
have been demonstrated by Munck et al. (49) also to interact 
with a variety of steroids. In this study, too, the @ surface of 
the C and D rings, and possibly of part of the B ring, was thought 
to bind to the purine. 

Villee and Gordon (50-52) have demonstrated that human 
placenta also possesses an enzyme system capable of stimulating 
a-ketoglutarate production in the presence of minute quantities 
of estrone or estradiol. The studies of Talalay et al. (2, 3) re- 
vealed that the estrogen-sensitive reaction involved pyridine 
nucleotide transhydrogenation. Evidence for the nonidentity 
of this transhydrogenase system and the estradiol-178 dehy- 
drogenases of human placenta has been reported by Hagerman 
et al. (4). 

The DPN-specific estradiol-178 dehydrogenase and the steroid- 
sensitive transhydrogenase, however, exhibit remarkably similar 
steroid specificities. Villee and Gordon (53) reported that 
equilin and equilenin were as effective as estrone or estradiol in 
their steroid-sensitive system, and more recently 6-ketoestradiol 
and estriol were added to the list of activators (54). In more 
extensive specificity studies, Hollander et al. (55) reported that 
estrone and estradiol 3-methyl ethers, 3-deoxy-equilenin, 6- or 
7-hydroxylated estrone, or both, or estradiol derivatives, 7-keto- 
estrone, and 118-hydroxyestradiol, among others, were effective 
stimulators of a-ketoglutarate production. Among estrone 
isomers, only DL-8-isoestrone was found to possess significant 
stimulatory activity (56). 

The weak stimulatory activities of estriol (54), 17a-ethynyl- 
estradiol, and 16-ketoestradiol, and lack of activity of 16-keto- 
estrone (55) represent the only reported exceptions to the cor- 
relation of specificities of the two enzyme systems. This marked 
similarity of steroid specificities suggests a corresponding sim- 
ilarity of the reactive sites of the two enzymes. 


SUMMARY 


The effects of substitution at various positions and of stereo- 
isomerism of the steroid substrates upon the kinetics of the re- 
actions catalyzed by the diphosphopyridine nucleotide-specific 
human placental estradiol-178 dehydrogenase have been in- 
vestigated. These studies have shown that (a) this enzyme 
preparation has absolute steric specificity for the 178-hydroxy 
group, (b) the steroid substrate must possess a highly planar A 
or B ring, or both, for significant reactivity, (c) the enzyme 
interacts with the entire steroid surface. The steroid specificities 
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of this enzyme and of the steroid-activated pyridine nucleotide 
transhydrogenase of human placenta have been compared. 
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1,10-Phenanthroline interacts with certain zinc metalloen- 
zymes to form enzymatically inactive protein-zinc-phenanthro- 
jine complexes exhibiting ultraviolet absorption maxima anal- 
ogous to those observed for zinc ions and phenanthroline in 
aqueous systems (1). Suchspectral changes offera means of stud- 
ying directly the chemical mechanism of the enzymatic inhi- 
bition resulting from such interactions. 

Inhibition might result from the removal of zinc from the pro- 
tein (Pr) by the chelating agent: [Pr-Zn] + OP! = Pr + 
(Zn-OP). Alternatively, the formation of a mixed complex would 
have the same functional consequences: [Pr-Zn] + OP = 
\Pr-Zn-OP]. If OP inhibits solely by interacting with the zinc 
of the enzyme, the system should be susceptible to physical- 
chemical approaches and interpretations akin to those which 
pertain to simple chelate systems. 

The stoichiometry of metal chelates can be established through 
Job’s method of continuous variations (2). In the present 
study, spectrophotometry has been employed to determine and 
compare the stoichiometry of the interaction between OP and 
zine ions and between OP and the enzyme, horse liver alcohol 
dehydrogenase. This enzyme has been shown to contain 2 g 
atoms of zine per mole of protein, and hence can be represented 
by the empirical formula [(LADH)Zn,] (3). The zine contained 
in this dehydrogenase will henceforth be referred toas Zn’. The 
molar extinction coefficients, €, €, and ¢3, for [ZnOP,|**, 
(ZnOP.|**+, and [ZnOP;]** were determined as was ¢’ the mo- 
lar extinction coefficient, for [Zn’-OP]; this, in turn, allowed 
the calculation of the apparent dissociation constant, K, for the 
reaction Zn’ + OP = [Zn’-OP]. 


EXPERIMENTAL 


Liver alcohol dehydrogenase, ionic zinc, 1 ,10-phenanthroline, 
and all other reagents were obtained and prepared as previously 
described (1). The spectrophotometric studies were carried out 


*This work was supported by grants-in-aid from the National 
Institutes of Health of the Department of Health, Education and 
Welfare and by the Howard Hughes Medical Institute. 

'The abbreviations used are: OP, 1,10 phenanthroline; OP;, 
OP,, and OP;, total, bound, and free amounts of 1,10 phenanthro- 
line, respectively; Tris, tris(hydroxymethyl)aminomethane; 
In,*+, Zn,t++, and Zny**, total, bound and free amounts of zinc 
ions; Zn’, Zn’, and Zn’;, total, bound and free amounts of zinc 
of liver aleohol dehydrogenase; 7, the average number of OP 
molecules bound per Zn**+; K,, Ke, and K3, cumulative dissocia- 
tion constants; ki, k2, and k;, stepwise dissociation constants; 
Ky = ki-ke, K; = ky-ko-ks. 


with a Beckman spectrophotometer, model DU, with photo- 
multiplier attachment. A Beckman pH meter, model G, with 
standard glass and calomel electrodes served for the determina- 
tion of pH at 23°. 

As first described by Job (2), the method of continuous varia- 
tions, which now bears his name, is performed as follows: two 
components which form a complex are mixed, while their molar 
sum is kept constant. One component, in the present case 
Zn** or Zn’, is varied from 100 to 0 mole per cent whereas the 
second component, OP, is varied from 0 to 100 mole per cent. 
The complex will exhibit a maximal change in a given property, 
such as absorbance, which is linearly related to the concentra- 
tion of the complex, when the relative amounts of zinc and OP 
correspond to the stoichiometry of the complex. If the change 
in absorbance is plotted as a function of the mole per cent of 
zinc, for a 1:1 ([ZnOP,|** complex, the maximal change will 
occur at 50 mole per cent zinc; for a 1:2 [ZnOP,}** complex, at 
33 mole per cent zinc; and for a 1:3 [ZnOP;}** complex at 25 
mole per cent zinc. 

Since the available amount of enzyme is a limiting factor, the 
classical dilution procedure is modified. While similar con- 
siderations do not prevail for the Zn**+-OP studies, these are 
performed analogously to those for the Zn’-OP system to provide 
a comparable baseline. 

In a typical experiment, 6.0 ml of a solution containing 1 x 
10-* m Zn**, considered to be 100 mole per cent of zine for this 
case, are diluted with successively increasing volumes of a solu- 
tion containing 1 X 10-*m OP. Table I shows the procedure 
schematically. The entire range of the required mole per cent 
of zinc is obtained from the initial 6.0 ml of solution, and a 
constant sum of the molarities of Zn**+ plus OP is preserved, 
though the total volume changes. Since the interaction of zinc 
with OP is a function of the total concentration of the free 
ligand, (OPs) (4), studies are performed at different molarities. 
The ionic system is studied at concentrations of 5 x 107°, 
2 X 10-4, 1 X 10-3, and 5 X 10-* m (Zn,*+*) + (OP), where the 
parentheses denote concentration, and Zn,**+ and OP;, respect- 
ively, the total amounts of zinc and 1, 10-phenanthroline present. 
The Zn’-OP system is studied at 1 x 10°, 5 x 10, and 2 x 
10-4 m (Zn’,) + (OP,); (Zn’,) denotes the total concentration of 
zine present in the enzyme. The solubility characteristics of 
the enzyme prevented studies at higher concentration. All solu- 
tions were prepared in 0.1 m Tris buffer, pH 7.5, and stored at 
23°. 

The reference solution for each dilution is prepared by adding 
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TaBLe I 
Scheme of preparation of solutions for continuous variations studies 
| 














Mole per cent Volume | | 
aut | = | ao pe (OP) 
} a ie J ) xX 10 
Zn++ oP ij = M| ce tad volume | M M 
rage ml ml | ml 7 ee + 
100 0 6.0 | O | 6.0 | 1.00 0 
75 2 | 6.0 | 20 | 8.0 | 0.75 | 0.25 
67 33 «| 6.0 | 3.0 | 9.0 | 0.67 0.33 
50 50 6.0 | 6.0 | 12.0 | 0.50 0.50 
33 67 6.0 | 12.0 | 18.0 | 0.33 0.67 
25 75 | 6.0 | 18.0 | 24.0 | 0.25 0.75 
! 1 | 





(Zn,**) + (OP,) = 1 X 10-3 Mm. 
identical volumes of the 1 x 10-* m OP solution to 6.0 ml of 
Tris buffer. 

The degree of complexation in each Zn-OP mixture is deter- 
mined by measuring the total absorbance, At, at 3275 A for the 
Zn** solutions, and at 3287 A for the Zn’ solutions. Measure- 
ments are also undertaken at other wave lengths close to these. 
The reference solution compensates for the OP in the sample 
which has not combined with zinc and is, therefore, free. 

Since some of the OP in the sample cell will interact with Zn** 
or Zn’ to form zinc-1 ,10-phenanthrolinate, the concentration of 
free OP, (OP;), in the reference solution will exceed that present 
in the sample cell, resulting in a significant overcompensation and 
requiring a correction. The concentration of OP bound to Zn**, 
(OP,), equals the difference (OP,) — (OP;s) which can be calcu- 
lated from the equation. 

Ay _ A (znop\*+ 


(OP,) = (OP,) — (OP) = - a) 


*leop 

where A; is the total absorbance measured at 3275 A and 
Alzgnop]++ is the absorbance due to all [ZnOP]** complexes. 
€op is the molar extinction coefficient of OP at 3275 A. (OP,), 
(OP,), and (OP;) are the concentrations of total, bound, and 
free OP respectively; 1 is the path length of the cuvette. These 
corrected absorbances are plotted as a function of the mole per 
cent of one component, t.e. Zn**, as in Fig. 1. 

A fraction of the measured absorbance in the Zn’-OP system 
is due to the protein of the apoenzyme. The contribution of 
this protein to the absorption is calculated from the absorbance 
of the 100 mole per cent solution of Zn’ and a proportionate cor- 
rection is made at each dilution. 

RESULTS 

Continuous Variations of Zn** plus OP and Zn’ plus OP—In 
Fig. 1, when 2;, the sum of (Zn;**) and (OP;) equals 5 x 10-5 
M, a broad maximum occurs at about 30 mole per cent Zn**; 
there is a small inflection at 50 mole per cent Zn**. As 2, is 
increased to 2 X 10-4m, 1 X 107° mM, and 5 X 107° M, the maxi- 
mum shifts towards 25 mole per cent Zn**+ and becomes progres- 
sively more distinctly demarcated, until, at 2; = 5 X 10-° M,a 
very sharp maximum is obtained at precisely 25 mole per cent 
Zn**, representing a 1:3 [ZnOP;|** complex. The patiern of 
Job’s curves is analogous both when the absorbances are meas- 
ured at 3425 A and at wave lengths close to the maxima of 
3275 and 3425 A. 

In the system Zn’-OP (Fig. 2), when 2; = 1 X 10-5 M there 
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is a broad maximum in the continuous variations plot at 50 
mole per cent, Zn’, therefore representing a 1:1 ([Zn’-OP] com- 
plex. This maximum does not shift, but remains at 50 mole per 
cent Zn’ at all values of 2; studied. Again, analogous patterns 
are obtained when the change in absorbance is measured at 
3450 A and at other wave lengths close to the 3287 and 3450 A 
maxima. 

Molar Extinction Coefficients of |\ZnOP\** Complexes—Kolthoff 
et al. (4) determined the cumulative dissociation constants of the 
[ZnOP}** complexes. These were found to be as follows, 
[ZnOP,}**, Ki = 3.7 X 107 Mo, [ZnOP.J**, K2 = 7 X 107" y, 
and [ZnOP,]**, K; = 1 X 10~-" m at 25°. With these dissocia- 
tion constants it was shown that (OP;) determines the propor- 
tion of [ZnOP,}**, [ZnOP.}**, and [ZnOP3]** complexes which 
will form in the presence of Zn**+. The data, taken from (4), 
are shown in Fig. 3.2. When (OP») is less than 1 x 1077 M, only 
free zinc, Zn;**, and [ZnOP,|** are present, while at (OP, 
greater than 8 X 10-4 M only [ZnOP;]** exists. At (OP») inter- 
mediate between these two values, all three complexes are pres- 
ent in varying amounts. For any (OP,) there exists one unique 
corresponding percentage of each of the three |ZnOP|** species. 

It is clear from the data of Kolthoff et al. (4) that the total 
concentration (Zn,) + (OP;) determines (OP;) which then in 
turn fixes the proportion of the three [ZnOP}|** complexes. As 
a mathematical convenience, the proportion of the three com- 
plexes can be defined in terms of 7, the average number of OP 
molecules bound per Zn** at any (OP). To determine the 
concentration of these complexes and their extinction coefficients, 
e, (OPs) must be known. We have calculated 7 from Kolthoff’s 
data and added the results to Fig. 3. The following relation- 
ships then exist: 


(Zn,*+)-5 = (OP) (2) 


(OP,) — (OP,) = (OP) (3) 


Although only (Zn;**) and (OP,) are known, it proved possible 
to employ the general relationships of Fig. 3 to determine (OP») 
for specific sums of (Zn;**+) + (OP,). This was accomplished by 
a method of successive approximations briefly described as 
follows. 

In any one given system of fixed (Zn,;**) and (OP;) there can 
be only one value of (OP;) and a corresponding one of 7. A 
value of (OP;) is chosen and a corresponding one of 7 is ascer- 
tained from Fig. 3 and inserted in Equation 2 to calculate (OP,). 
The value found for (OP,) is then substituted in Equation 3 to 
determine (OP;). The empirical procedure is repeated until the 
one correct, and therefore self-consistent, set of values for (OP») 
and 7 is found. 

Once (OP;) is determined for a given system of (Zn,;**) + 
(OP;) the concentrations of free zinc and of the three [ZnOP}** 
complexes can be determined. 

The absorbance, Ajzn-op)++, is the sum of the absorbances of 
[ZnOP,}**, [ZnOP.}**, and [ZnOP,]**. 


= { ¢-({ZnOP,]*) + €:: ({ZnOP,]**) 


A{znop)* 4 w 
+ 6-((ZnOP;]**)} 1 


where €:,2,3 are the molar extinction coefficients of the three 
species and | is the path length of the cuvette. Therefore, 
Aiznop}t++ is a measure of all the OP which is bound to zine, 


2 By kind permission of Dr. I. M. Kolthoff. 
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Fic. 1. Job’s method of continuous variations applied to the interaction of Zn**+ and OP. 
Each curve represents measurements of absorption at the indicated total molarity, 2+, of (Zn**) + (OP) as the moles 


at 3275 A. 
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(Zn **)+(0P)=5 lo-3xy 
(Zn**)+(Qp) = | x 1073 M 


(Zn++)4( 
OP) > zZ x | ~ 
0 4 


“10-5 


The absorbance, A, was measured 


per cent of the two species are varied as indicated on the abscissa. The points of formation of 1:1, 1:2, and 1:3 complexes are indi- 


cated by vertical guide lines. 


A3287 A 


Aa287A 
0.10 
A3287A 
Q0N5- ONS 








Conditions: 0.1 m Tris buffer, pH 7.5; 23°; Beckman DU spectrophotometer, 5-cm path length cell. 


(Zn )+(OP) #24107 
(Zn \OP) =5x10°°M 


(Zn) (OP)*\x\0°S 





MOLE 46 Zn’ 


7 
400 


Fic. 2. Job’s method of continuous variations applied to the interaction of the zine of horse liver alcohol dehydrogenase, Zn’, 


and OP. The absorbance, A, was measured at 3287 A. 


Each curve represents measurements of absorption at the indicated 


total molarity, Zt, of (Zm’) + (OP) as the moles per cent of the two species are varied as indicated on the abscissa. The points of 


formation of 1:1, 1:2, and 1:3 complexes are indicated by vertical guide lines. 


DU spectrophotometer, 5-cm path length cell. 


(OP,). There is no absorption at this wave length due to the 
prevailing (Zn;**) present. 

Since the data of the continuous variations include combina- 
tions from (0 mole per cent OP + 100 mole per cent Zn**) to 
(0 mole per cent Zn*++ + 100 mole per cent OP), the absorbance 
measured at different mole ratios of Zn** and OP will represent 
different contributions of the three complexes to Ajznop)t++. 
A minimum of three different sets of values for A;znop)++, 
((ZnOP,}**), ({ZnOP.|**), and ({ZnOP,}**) will yield, inde- 
pendently from any of the 2, values studied, three simultaneous 


Conditions: 0.1 m Tris buffer, pH 7.5; 23°; Beckman 


equations from which the molar extinction coefficients, €, €2, and 
«; can be determined. The following results were obtained: 


[ZnOP]** = 580 + 34 


ey = 
e. = [ZnOP.]** = 1263 + 100 
€é, = {[ZnOP;]}** = 2357 + 49 


The extinction coefficients calculated from one Job’s curve can 
then be used to calculate the contribution of each species to 
Argnopit+ at each point of any Job’s curve. From this, in 
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Fic. 3. Relative amounts of zinc, as aquo-zinc ion and as 1,10- 
phenanthroline complex ions, as a function of free phenanthroline 
concentration in the solution and of the average number of moles 
of OP bound per Zn atom, j (4). 
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Fia. 4. Job’s method of continuous variations applied to the 
interaction of Zn**+ with OP, when the total concentration, 2, of 
(Zn;**+) + (OP) is2 X 10-*Mm. Tris, 0.1 mM, pH 7.5; 23°; Beckman 
DU spectrophotometer, 5-cm path length cell. O, experimental 
values; 0, values calculated with the following molar extinction 
coefficients (see text) :€(znop,)**, = 580 + 34; €(z,0p)** = 1263 + 100; 
and €(znoOP,)** = 2357 > = 49. 


turn, the shape of any Job’s curve at any 2, may be predicted. 
Fig. 4 demonstrates that there is excellent agreement between 
experiment and calculation. 

Molar Extinction Coefficient for [Zn’-OP|—Since only the 1:1 
complex exists, the determination of the extinction coefficient of 
the mixed complex [((LADH)Zn:|OP, is much simpler, of course, 
(Fig. 2). The absorbance for known concentrations of Zn’ at 
3287 A is measured in the presence of a 100-fold excess of OP. 
The relationship of concentration to absorption is linear over a 
range from 1.55 & 10-5 to 4.7 x 10-° m Zn’. The molar ex- 
tinction coefficient calculated from these data for the [Zn’-OP] 
complex is 


e’ = 1700 + 100 


Apparent Dissociation Constant for |Zn'-OP| Complex—The ap- 
parent dissociation constant, K, for the reaction, Zn’ + OP = 
[Zn’-OP] will be 
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__ (Zn')-(OP?) 





~ ((Zn’-OP}) 7 

then 
(OP,) = ({Zn’-OP]) + (OP;) (6) 
(Zn’,) = ({Zn’-OP]) + (Zn’;) (7) 


Since the absorbances at 3287 A in the Job’s curves of Zn’ + 
OP are measured with a reference solution containing (OP), the 
observed absorbance, A¢, will not be a direct measure of [Zn’ -OP] 
but will be related as in Equation 1; 


A[Zn’-oP] =Ai.+ cor: | (OP,) _ (OP;)} l (8) 
Now 
A[zn’-op] = €{zn’-op}‘[Zn’-OP] 1 (9) 


where Ajzp’.op) is the absorbance at 3287 A due to [Zn’-OP}, 

€(Z’-op) is the molar extinction coefficient of the mixed complex 

at 3287 A, ({Zn’-OP]) is the concentration of the mixed complex 

and €op is the molar extinction coefficient of OP at 3287 A. 
From Equation 6 


({Zn’-OP]) = (OP) — (OPs) (10) 


so that substituting in Equations 8, 9, and 10 


At 
Gis’ 08) 2 
(€[zn’- oP] _ €op) ] 





(11) 


Thus the concentration of the mixed complex can be deter- 
mined from the measured absorbances of the Job’s curves and 
the molar extinction coefficients of the complex and of OP. 
Knowing ([Zn’-OP]) and (OP;), (Zn’;) can then be calculated 
from Equations 6 and 7 and K from Equation 5. 

The molar extinction coefficient for OP at 3287 A was calcu- 
lated from the absorbance produced by known concentrations of 
the crystalline salt. The dissociation constant for Zn’ + OP = 
[Zn’-OP] was then found to be 3.3 + 0.5 X 10-5m. The data 
are shown in Table II. 


TABLE II 
Calculation of apparent dissociation constant for |[Zn'-OP] from 
J ob’s continuous variations curve, (Zn’,) + (OP.) = 1 XK 10-4 with 
equations 6, 7, and 11 (see text) 








(Zn’t) | (OPt) | 4 ({Zn’-OP}) (OP) (Zn's) 4 
mM X 105 | m X 105 6 mu X 105 m xX 105 | m X 105 mM X 105 
8.6 1.4 0.10 1.56 0 
6.7 3.3 0.13 2.03 1.27 4.67 | 2.9 
5.4 4.6 | 0.13 2.03 2.57 | 3.37 | 4.3 
5.0 5.0 0.14 2.19 2.81 2.81 | 3.6 
4.6 5.4 0.14 2.19 3.21 2.41 | 3.5 
4.0 6.0 0.14 2.19 3.81 1.81 | 3.2 
3.5 6.5 0.13 2.03 4.47 1.47 | 3.3 
3.3 6.7 0.13 2.03 4.67 | 1.27 | 2.9 
? ae 0.12 1.87 5.13 1.13 | 3.1 
2.7 7.3 0.10 1.56 5.74 1.14 | 4.2 
2.5 | 7.5 | 0.11 1.72 5.78 | 0.78 | 2.6 
3:3 7.7 0.10 1.56 | 6.14 | 0.74 | 2.9 
2.0 8.0 0.09 1.40 6.60 | 0.60 | 2.8 
1.5 8.5 | 0.07 1.08 7.42 | 0.42 | 2.9 
3 


| 





* Mean + standard deviation. 
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DISCUSSION 


The formation of metal chelates is usually accompanied by 
characteristic changes in the physical and chemical properties in 
one or both of the reacting species. The interaction of Znt* 
with OP results in a characteristic absorption spectrum. In 
addition to an absorption maximum at 2950 A, maxima at 3125, 
3275, and 3425 A have been found (1). If such changes in the 
spectrophotometric or other properties can be related to the 
number of moles of the ligand forming a complex with the metal, 
a simple means of identifying the stoichiometry of the chelate is 
available. 

[ZnOP,], [ZnOP.], and [ZnOP;) complexes can be differenti- 
ated by a changing pattern of a plot of continuous variations 
when the total concentration of (Zn:) + (OP,) is increased 
progressively and the intensity of absorption at one of these 
characteristic wave lengths is measured (Figs. 1 and 2). 

Although the major absorption maximum of the [ZnOP}** 
complexes occurs at 2950 A, it is not easily suitable for studies 
in the presence of proteins, the aromatic amino acids of which 
absorb radiation at or near 2800 A. The absorption maxima 
at 3275 and 3425 A do not suffer from such interference. 

In the classical Job’s method, a series of mixtures of the two 
components spanning the whole range of moles per cent is usually 
prepared. This approach was not practicable in these studies 
since one of the components is a highly purified enzyme, supplies 
of which were limited. The dissociability of the zine complexes 
being studied has been demonstrated (1, 4, 5), and therefore the 
desired varying proportion of each component can be obtained 
by dilution as illustrated by Table I. 

At a total concentration (Zn;**+) + (OP,) of 5 XK 107°, all 
three complexes are present. The broad maximum of the curve 
does not differentiate between 25 and 33 mole per cent of Zn** 
and therefore between the relative amounts of [ZnOP;]** and 
(ZnOP.}**, which are clearly in existence; a distinct inflection 
at 50 mole per cent implies the formation of [ZnOP,]**. As the 
total molar concentration, 2;, is raised, increasing amounts of 
[ZnOP3|** are formed at the expense of the other two complexes. 
The 1:3 complex is the only one detectable at 5 X 107% , indi- 
cated by the sharp maximum at 25 mole per cent. 

These data are in accord with those of Kolthoff et al. (4), which 
were arrived at by entirely different means. When 2; is 5 X 
10-5 m, (OP;) is calculated to be 10~* m, at which concentration 
the data of Kolthoff, plotted in Fig. 3, predict that significant 
amounts of [ZnOP,|** and [ZnOP.}** should be detected, which 
is indeed the case (Fig. 1, (Zn**) + (OP) = 5 X 10-5). How- 
ever, as (OP;) is raised (OP;) increases concomitantly, and an 
increase in the percentage of [ZnOP;]** is predicted, accompanied 
by a decrease and eventual disappearance of [ZnOP,|** and of 
[ZnOP.}*+. This is confirmed by the results presented in Fig. 1 
((Znt+) + (OP) = 2 X 10°‘, 1 X 10°° Mm, and 5 X 10°? m). 

The determination of the extinction coefficients of the three 
complexes and their concentrations also permitted the construc- 
tion of the Job’s curves on the basis of calculation. The excel- 
lent agreement between these calculated curves and those ob- 
tained experimentally (Fig. 4) are further support for Kolthoff’s 
data (4) and of the interpretation of the Job’s curves for the 
Zn**-OP system. The formation of the 1:2 and 1:3 complexes 
did not induce shifts in absorption of the maxima at 3275 A or 
3425 A. Measurements of the absorption at wave lengths in the 


vicinity of the maxima yielded Job’s curves, the shapes of which 
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were completely similar to those shown here. Therefore, the 
limitations of Job’s method encountered in more complex sys- 
tems did not apply in the present instance (6-8, 13). 

The formation of the [(ZnOP,}** complex is accompanied by an 
increase in absorption at 3275 A. The molar extinction coeffi- 
cient €, is doubled when a second molecule of OP is bound to 
Zn** to form the [ZnOP.}** complex. When a third molecule 
of OP forms a complex and the zine atom becomes fully co- 
ordinated, the effects on the electronic transition states of the 
molecule are more than additive: € increases 4-fold rather than 
3-fold as expected; moreover, there is a bathochromic shift of 
the maximum at 2940 A to 2950 A when [ZnOP,]** changes to 
[ZnOP;}** in the presence of excess of OP. No changes are ob- 
served at 3275 A and 3425 A, the wave lengths here employed 
for measurement, a prerequisite for successful application of the 
method of continuous variations (13). 

When compared to the Zn**-OP system there is a slight but 
distinct shift of the absorption maxima when Zn’ is exposed to 
OP. The maxima are at 2972, 3287, and 3450 A as compared 
with 2940, 3275, and 3425 A with Zn** and OP. These changes 
in the Zn’-OP spectrum have not been observed with other zinc 
proteins (1). Thomas and Martell (9) have pointed out that 
bathochromic shifts in tetraphenylporphines denote weakening 
of bonds in these chelates. Bathochromic shifts observed in the 
[Zn’-OP] chelate might be explained similarly. Studies of 
picrates and related compounds have suggested that a variety 
of reactive end groups and bonds may induce bathochromic 
effects (10). The data are limited to these compounds and 
therefore extrapolations to the groups of [(LADH)Zny] possibly 
inducing the bathochromic effect in the Zn’-OP spectrum would 
be entirely speculative. 

The maxima of the Job’s curves for Zn’ + OP remains at 50 
mole per cent for all concentrations of Zn’ + OP which could be 
examined. This can only be interpreted to denote that 1 mole 
of OP binds with 1 atom of Zn’ which remains in situ on the 
protein of the enzyme, forming a mixed complex: 


Zn’ + OP = [Zn’-OP] or [((LADH)Zn.} 
+ 2 OP @ [(LADH)Zn2-OP2] 


This interpretation of the data is supported by the reversibility 
of this complex on dialysis: OP can be detected spectrophoto- 
metrically in the dialysate but [ZnOP]** cannot be identified 
(1). If zine were removed from the protein, the behavior of the 
dissociated Zn** would be expected to be analogous to that ob- 
served in the Zn**-OP system and higher complexes should then 
be formed. 

Since only 1 mole of OP binds to Zn’, the molar extinction 
coefficient of [Zn’-OP] can be calculated from the absorbance at 
3287 A. Thus the amount of zinc contained in a given prepara- 
tion can be determined with the use of OP as an analytical 
reagent, and also by the conventional dithizone method em- 
ployed for zine analysis after ashing (11). The results are 
identical, within the limits of error of the methods, substantiat- 
ing the accuracy of the deductions from the Job’s curves by 
application to an analytical system. Consequently OP can be 
employed simultaneously both as an inhibitor of enzyme activity 
and as an analytical reagent to determine zinc. The results of 
such correlated studies have greatly enhanced confidence in the 
view that zinc is an active site of this enzyme (12). 

Zinc has 6 potential coordination sites and only two of these 
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are bound to 1 OP molecule in [Zn’-OP]. The metal might be 
bound to the protein by means of at least two or possibly four 
coordination sites. The extinction coefficient for [Zn’-OP] at 
3287 A is numerically intermediate between those for [ZnOP.|*++ 
and the fully coordinated (ZnOP;]** complex at 3275 A, in spite 
of the fact that only 1 molecule of OP is involved in binding to 
the enzyme zinc. The zinc atom then seems fully coordinated 
between OP and the bonds of the enzyme which contribute to 
the absorption. 

The stepwise dissociation constants for [ZnOP,]**, [ZnOP.]|*+, 
and [ZnOP;}** at 25° derived from (4) are ki} = 3.7 x 107, 
ke = 1.9 XK 10-*, ks = 1.4 X 10-* M, respectively. 

The apparent dissociation constant for the mixed complex 
[Zn’-OP] was calculated to permit a comparison with the data 
for the ionic complexes calculated by Kolthoff (4). The mean 
value of the dissociation constant K for [Zn’-OP] at 23° in 0.1 
M Tris, pH 7.5, was 3.3 X 10-°m. This is of the same order as 
ks in the ionic system, 7.e. that of a fully coordinated Zn atom. 

The complexation of OP to [((LADH)Zn.] while the zinc is 
in situ on the enzyme implies that the zinc is very firmly bound 
to the protein. The intrinsic dissociation constant for the pro- 
tein-zinc bonding must be less than 1 x 1077 M; otherwise OP 
would be expected to compete successfully for the zinc and re- 
move it from the protein. With a series of chelating agents of 
known, graded dissociation constants the method of continuous 
variations can be applied to determine the dissociation constant 
of this or other metalloproteins by a series of successive approxi- 
mations; removal and nonremoval of the metal will bracket the 
“true” value. 

Metal-chelating agents, such as OP, inhibit the enzymatic 
activity of liver alcohol dehydrogenase and other zinc metallo- 
enzymes (3). This inhibition is instantaneous and reversible 
and has been postulated from kinetic studies to occur through 
the interaction of one mole of OP with the zinc of the enzyme, 
the OP competing with the cofactor, reduced or oxidized diphos- 
phopyridine nucleotide, for this active center (14). The reality 
of this kinetic model has now been demonstrated directly by these 
physical chemical studies: the mixed complex [((LADH)Znz-OP.] 
represents the inactive enzyme inhibitor complex of this model. 
Such studies are now being extended to other enzyme-metal- 
chelate systems. 

The dissociation constant for the Zn’-OP interaction at 23° 
has also been determined from kinetic data—as 7 x 10~° M when 
ethanol is oxidized and DPN reduced, but as 4 & 10~* m when 
acetaldehyde is reduced and DPNH oxidized (14). Both these 
values differ significantly between themselves and from the value 
calculated from the present data. They suggest that ethanol 
and acetaldehyde influence the binding of OP in some manner 
even though the kinetics demonstrate that they do not compete 
for the zinc site of the enzyme (14). The value of 3.3 x 10-5 mM 
also yields the most consistent values for the enzymatic velocity 
constants, when these are calculated from the inhibition kinetics 
and then compared to those derived from the uninhibited en- 
zymatic reaction. 
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SUMMARY 


The complexes of 1,10-phenanthroline with ionic zine and the 
zinc in alcohol dehydrogenase of horse liver have been studied by 
means of the method of continuous variations. The formation of 
[ZnOP,}**, [ZnOP,}**, and [ZnOP;}** complexes has been con- 
firmed and their extinction coefficients at 3275 A have been 
established. One mole of 1,10-phenanthroline interacts with 
each of the 2 zinc atoms of horse liver alcohol dehydrogenase to 
form a mixed complex [((LADH)Zn2-OP] which has absorption 
maxima at 2972, 3287, and 3450 A. This mixed complex, dem- 
onstrated spectrophotometrically, represents the enzymatically 
inactive but dissociable enzyme-inhibitor complex postulated 
from kinetic studies. The extinction coefficient of the complex 
is 1700 + 100 and the dissociation constant is 3.3 + 0.5 x 
10° M. 

This constant is numerically close to that which was derived 
from kinetic data and its magnitude supports the validity of the 
mechanisms of the interaction of 1,10-phenanthroline with the 
zinc atoms of alcohol dehydrogenase of horse liver previously 
suggested. Consequently, 1 , 10-phenanthroline can be employed 
simultaneously to measure the zinc of the enzyme and the di- 
rectly correlated disappearance of enzymatic activity. 

The approach described here provides a means of establishing 
the intrinsic dissociation constants of such systems as these. 
With a series of chelating agents of different degree of binding 
strengths, the “true” value of the constant is susceptible to 
measurement by a series of successive approximations. 
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The alcohol dehydrogenase crystallized from horse liver con- 
tains 2 atoms of zine per molecule and the activity of this enzyme 
is inhibited by metal-binding agents (1, 2). The inhibition of 
liver alcohol dehydrogenase by one of these agents, 1, 10-phe- 
nanthroline, differs from that which is observed when the alcohol 
dehydrogenase isolated from yeast is exposed to 1,10-phenan- 
throline (3). The liver enzyme is inhibited by 1, 10-phenan- 
throline only instantaneously and reversibly (2); under identical 
experimental conditions, the yeast enzyme, although showing a 
similar instantaneous type of inhibition, in addition exhibits a 
slow, irreversible inhibition (4). Direct experimental evidence 
(5) indicates that 1,10-phenanthroline acts at a zine atom of 
these enzymes. These differences in the 1,10-phenanthroline 
inhibitions may reflect differences in the mechanism of reaction, 
in the structure of the active loci of these enzymes, or in both. 

The present communication examines the kinetics of the in- 
hibition of liver alcohol dehydrogenase by 1, 10-phenanthroline, 
and the effects of coenzyme and substrates thereon. Mech- 
anisms of action of this enzyme have been postulated based on 
the experimental findings. 


EXPERIMENTAL 


Alcohol dehydrogenase of horse liver, purified and twice 
crystallized (6), was obtained commercially (Worthington Bio- 
chemical Corporation), and was monodisperse upon ultracen- 
trifugation in 0.06 m phosphate buffer, pH 7.15, at 7°. The zine 
content was 1660 ug of Zn per g of protein, corresponding to 2.11 
gram atoms of zinc per mole of enzyme, based on a molecular 
weight of 83,000 (7). The protein concentration was determined 
spectrophotometrically at 280 my, with an absorption coefficient 
of 2.2 mg of protein per ml per cm? (6). 

Reagents were used as previously described (1). 1, 10-Phe- 
nanthroline hydrochloride (G. Frederick Smith Company) was 
dissolved in 0.06 m phosphate buffer, pH 7.15, and adjusted to a 
final pH of 7.15 with NaOH. 

Enzymatic activity was determined spectrophotometrically 
by measurement at 340 my of the change in the DPNH con- 
centration. The optical density was recorded continuously with 
a Cary recording spectrophotometer within 8 seconds after the 


* These studies were supported by a Contract (No. NR 119-277) 
between Harvard University and the Office of Naval Research, 
Department of the Navy, and grants-in-aid from the National 
Institutes of Health, from the Rockefeller Foundation, and from 
the Howard Hughes Medical Institute. 

t Fellow of Wadham College, Oxford University. 


reaction was started and for the next 30 seconds. Initial rates 
of change were measured, snd a steady state was assumed since 
the reaction was linear over this period. Activities, v, are ex- 
pressed as moles of DPNH produced or oxidized per second per 
mole active site of enzyme, assuming 2 active sites per molecule. 
The use of a 5-cem path length absorption cell, with a volume of 
15 ml, permitted the measurement of activities of the order of 
0.1 see. 

For the OP" inhibition studies all measurements were made in 
0.1 ionic strength phosphate buffer, pH 7.15, at 23°; this buffer 
was chosen to allow comparison of results with those obtained 
elsewhere (8). The reaction mixture contained varying con- 
centrations of coenzyme or of substrate, of OP (including zero), 
and liver aleohol dehydrogenase. When the coenzyme concen- 
tration was varied, the substrate concentration was held constant 
at a nonrate-limiting value, determined experimentally. When 
the substrate concentration was varied, the coenzyme concentra- 
tion was held constant at a high and almost rate-limiting value, 
since activity continues to increase slightly with increases in the 
highest coenzyme concentrations that were feasible. In measur- 
ing the rate of DPN — DPNH, hereafter described as the 
“forward” reaction, the enzyme concentration was 1.82 « 10-* Mm: 
in measuring the rate of DPNH — DPN (the “back” reaction), 
the enzyme concentration was 3.65 « 10-° mM; 0.5 ml of the en- 
zyme solution was added to the reaction mixture last to start 
the reaction. Enzyme and OP were in contact for approximately 
8 seconds before activity was measured. 

The activity data were plotted as reciprocal activities versus 
reciprocal substrate or coenzyme concentrations, according to 
Lineweaver and Burk (9). Lines were fitted to the experimental 
points by the method of least mean squares and the degree of 
linearity was expressed as a correlation coefficient r, as previously 
described (10). 


RESULTS 


Instantaneous Reversible Inhibition of Liver Alcohol Dehydro- 
genase Activity—The enzyme is inhibited by OP, as reported 
previously (2). The partial activity, v;/v., is plotted versus the 
logarithm of the OP concentration in the reaction mixture (Fig. 
1) to demonstrate the differences in the magnitude of the in- 
hibition when the forward and back reaction are measured. For 


1The abbreviations used are: OP, 1,10-phenanthroline; Tris, 
tris(hydroxymethyl)aminomethane; LADH and YADH, liver 
and yeast alcohol dehydrogenase, respectively (used in reactions 
only). 
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Fig. 1. The instantaneous, reversible inhibition of liver alcohol 
dehydrogenase activity by OP; partial activity of crystalline 
liver alcohol dehydrogenase versus the negative logarithm of the 
concentration of OP. The inhibition is in the reaction mixture 
at pH 7.15, in 0.1 ionic strength phosphate buffer; 23°. For the 
reaction DPN — DPNH (@——@®), (DPN) = 3.3 X 10-* o, (C2: 
H;OH) = 1.67 X 10-? M, liver alcohol dehydrogenase = 200 yg. 
The points (X) represent partial activity when a reaction mixture 
containing 2 X 10-* m OP is diluted after activity is measured 
(v;/ve = 0.19) to produce a final OP concentration of 4 X 10-4 Mm; 
only enzyme and OP are diluted. For the reaction DPNH — 
DPN (O——0), (DPNH) = 1.0 X 10-*m, (CH;CHO) = 5 X 10° 
M, liver alcohol dehydrogenase = 4 yg. Activity is measured 
upon the addition of liver alcohol dehydrogenase; uninhibited 
activity is »., inhibited activity is 1. 
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Fig. 2. Kinetics of the inhibition of liver alcohol dehydrogenase 
activity by OP, when DPN concentration is varied in the reaction 
mixture. All the lines are calculated by the method of least mean 
squares, and r = the correlation coefficient. Activity measure- 
ments: (C2H;,OH) = 2 X 10-2 M; the initial rate of DPN — DPNH 
is measured in 0.1 ionic strength phosphate buffer, pH 7.15; 23°. 


the forward reaction, the concentration of DPN is 3.33 x 10-° Mo, 
and the concentration of ethanol, 1.67 x 10-2 m. Inhibition of 
50% occurs at 4.5 X 10-4 mM OP, to be compared with a value 
of 4.8 X 10-4 m OP, obtained previously in 0.1 m pyrophosphate 
buffer, pH 8.8, with similar concentrations of reactants (2). For 
the back reaction, the DPNH concentration is 1 X 10-4 m and 
the acetaldehyde concentration, 5.0 x 10-* mM; 50% inhibition is 
observed in the presence of 2.2 x 10-5 m OP. 

The OP inhibition under these conditions is completely re- 
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versible by dilution, as shown by the following experiment. The 
forward activity was measured in the presence of 2 X 10-3 y 
OP; after 30 seconds an aliquot of 3 ml was removed and added 
to 12 ml of solution containing sufficient DPN and ethanol to 
result in final concentrations of (DPN) = 3.33 x 10-* M, eth- 
anol = 1.67 X 10-?m. This accomplished a 5-fold dilution of 
enzyme and inhibitor without change of the substrate or co- 
enzyme concentrations. Assuming complete reversibility, the 
predicted fractional activity after dilution would be 0.56; 0.57 is 
observed experimentally. Similar results have been obtained in 
0.1 m pyrophosphate buffer, pH 8.8 (2). 

Effect of Varying DPN Concentrations—Reciprocal enzymatic 
activities, v-!, are plotted versus reciprocal DPN concentrations 
at four OP concentrations, including zero (Fig. 2). The ethanol 
concentration is constant at 2 X 10°? m. The calculated lines 
converge at a common intercept, where v~! is 0.37 second; this 
corresponds to a maximum activity of 2.7 sec-!. The slopes of 
the v-! versus (DPN)-' lines increase with increasing OP con- 
centration. 

Effect of Varying Ethanol Concentration—Fig. 3 shows recip- 
rocal activity plotted versus reciprocal ethanol concentration for 
four OP concentrations, including zero. The DPN concentra- 
tion is 4 X 10% m. The calculated lines intersect at 
—(C.H;OH) = 3.6 xX 10-° mM and v = 0.21 second. Both the 
slopes and the intercepts of the v-! versus (C2H;OH)~ lines in- 
crease with increasing OP concentration. 

Effect of Varying DPNH Concentration—The plot of reciprocal 
activity versus reciprocal DPNH concentration at two OP con- 
centrations and at (OP) = 0 is shown in Fig. 4. The acetalde- 
hyde concentration is 5 X 10-*m. The calculated lines meet at 
a common intercept, v=! = 0.55 second, corresponding to a 
maximum activity of 1.81 sec". The slopes of the uv versus 
(DPNH)- lines increase with increasing OP concentration. 

Effect of Varying Acetaldehye Concentration—In Fig. 5, recip- 
rocal activity versus reciprocal acetaldehyde concentration is 
plotted, in the absence of OP and for three OP concentrations. 
The DPNH concentration is 1 X 10-4. The calculated lines 
are parallel, and the intercepts of the v- versus (CHs;CHO)* 
lines increase with increasing OP concentration. 
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Fig. 3. Kinetics of the inhibition of liver aleohol dehydrogenase 
activity by OP, when ethanol concentration is varied in the reac- 
tion mixture. The lines are calculated as in Fig. 2. Activity 
measurements: (DPN) = 4 X 10-3 M; the rate is measured as in 
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DISCUSSION 


The data indicate that both oxidized and reduced coenzyme 
compete with OP (Figs. 2 and 4) for an enzymatic site, which 
apparently involves zinc. Neither ethanol nor acetaldehyde 
competes with OP (Figs. 3 and 5). The combination of OP 
with the enzyme at a zinc atom is reversible (Fig. 1). Based on 
these data, and on previous explicit assumptions (3), the follow- 
ing mechanism of enzyme action and OP inhibition is proposed 
for examination: 


k 





= LADH-Zn-DPNH (1) 


LADH-Zn-DPNH + CH;CHO 


LADH-Zn + DPNH ¢ 








ks (2) 
+ Ht — LADH-Zn-DPN + C.H;OH 
6 
ks 
LADH-Zn-DPN — LADH-Zn + DPN (3) 
‘ Kop . 
LADH-Zn + OP —=> LADH-Zn-OP (4) 


In this formulation LADH-Zn represents each zine atom of liver 
aleohol dehydrogenase. Kop is the dissociation constant of the 
dissociable LADH-Zn-OP complex. This reaction mechanism 
is based on and similar to that presented by Theorell and Chance 
for the liver enzyme (11) and with that postulated for the yeast 
enzyme (3). 

The velocity constants for the control reactions (Figs. 1 to 3) 
may be calculated from the Lineweaver-Burk plots in which 
substrate or coenzyme concentrations are varied in the absence 
of OP. The calculations are similar to those of Theorell et al. (8) 
(Table I). The numerical constants derived do not differ very 
greatly from those obtained by these authors and recalculated in 
Table I, except for ks. Variations of the numerical values by a 
factor of 2 were observed in some duplicate experiments. 

Kop, the apparent dissociation constant of the enzyme-OP 
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Fig. 4. Kinetics of the inhibition of liver alcohol dehydrogenase 
activity by OP, when DPNH concentration is varied in the reac- 
tion mixture. The lines are calculated as in Fig. 2. Activity 


measurements: (CH;CHO) = 5 X 10-* M; the initial rate of DPNH 
~ DPN is measured in 0.1 ionic strength phosphate buffer, pH 
7.15; 23°. 
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Fig. 5. Kinetics of the inhibition of liver alcohol dehydrogenase 
activity by OP, when acetaldehyde concentration is varied in the 
reaction mixture. The lines are calculated as in Fig.2. Activity 
measurements: (DPNH) = 1 X 10-4 M; the rate is measured as in 
Fig. 4. 


TaBLeE I 
Velocity constants for liver alcohol dehydrogenase calculated from 
uninhibited control reactions 
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Fic. 6. Determination of Kop from the velocities of liver alco- 


hol dehydrogenase activity inhibited by OP. (A) vo is plotted 
versus OP concentration at 4 DPNH concentrations (see Fig. 4). 
The lines intersect at —(OP) = 4 X 10-° M, giving the apparent 
Kop for the back (DPNH — DPN) reaction. (B) v™ is plotted 
versus OP concentration at 4 DPN concentrations (see Fig. 2). 
The lines interact at —(OP) = 7 X 10-° M, giving the apparent 
Kop for the forward (DPN — DPNH) reaction. 


complex, may be determined from the velocities of the inhibited 
reaction, as previously described (3). In Fig. 6A, reciprocal 
activity is plotted versus OP concentration at four DPNH con- 
centrations, with the use of the data from Fig. 4. The lines 
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the substrate (ethanol or acetaldehyde) concentration. Data 
are derived from Figs. 3 and 5, respectively. For the details, see 
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Fig. 8. Calculation of the velocity constants ks, k3, ks; and 
ks, from the data in Fig. 3. For the details, see the text. 


intersect at —(OP) = 4.0 X 10-® M, which corresponds to the 
apparent Kop for the back (DPNH — DPN) reaction, inde- 
pendent of DPNH concentration. Similarly, with the use of 
the data of Fig. 2, reciprocal activity is plotted versus OP con- 
centration at four DPN concentrations in Fig. 6B. The lines 
intersect at —(OP) = 7.0 X 10-® M, corresponding to an ap- 
parent Kop for the forward (DPN — DPNH) reaction inde- 
pendent of DPN concentration. The given definition for Kop 
(Equation 4) sets its value as a function only of enzyme and OP 
concentrations, implying that Kop is independent of substrate 
and coenzyme concentrations. This /7-fold difference in the ap- 
parent Kop values is well outside the experimental error, and 
suggests that the postulated mechanism (Equations 1 to 4) is 
not a full representation of the inhibition of liver alcohol de- 
hydrogenase by OP. 

The value for Kop, determined spectrophotometrically (5) in 
the absence of substrate and coenzyme, is 3.3 X 10-5 M, with a 
standard deviation of +0.53 10-5 m in 13 determinations, as 
measured in 0.1 m Tris buffer, pH 7.5, 23°. It was found to be 
3-1 X 10-5m + 1.7 X 10-5 M in 14 determinations in phosphate 
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buffer pH 7.15, 23°. Although the K op for the forward reaction, 
7.0 X 10-° M, may not be significantly different from this value, 
the Kop derived from the back reaction, 4.0 x 10-* M, is. It 
thus appears that both the coenzyme and the substrate may 
affect this inhibition, as expressed by the apparent Kop, by 
mechanisms different from those in Equations | to 4. 

This discrepancy between the apparent values for Kop in the 
presence of ethanol or acetaldehyde, and that between these and 
the Kop determined spectrophotometrically, which has an in- 
termediate value, indicates a possible effect of the substrates on 
Kop. Ethanol (Fig. 3) is not completely noncompetitive with 
OP, although both intercepts and slopes of the lines describing 
the inhibition do increase with OP concentration. Acetaldehyde 
(Fig. 5) is uncompetitive with OP. If a substrate has no effect 
on the inhibitory binding of OP to LADH-Zn, the kinetics of 
inhibition would be expected to be purely noncompetitive, as 
Equations 2 and 4 imply. It is possible to estimate the effects 
of the substrates on the inhibition, and empirically to obtain a 
value for Kop which is common both for the forward and back 
reaction, by extrapolating the data in Figs. 3 and 5. For this 
purpose, a first approximation of Kop as a function of substrate 
concentrations may be estimated. 

The data in Figs. 6A and B indicate that one molecule of OP 
reacts with each zinc atom to form the enzyme-inhibitor com- 
plex. Direct spectrophotometric data confirm this (5). Thus, 
that concentration of OP which inhibits 50% is directly related 
to Kop. A plot of the logarithm of this OP concentration 
versus the logarithm of the (CLH;OH) and (CH3;CHO) concen- 
trations, to maximize the fit of the data to linearity, is shown in 
Fig. 7. This plot does arrange the points, derived from the data 
in Figs. 3 and 5, linearly. Changing concentrations of ethanol 
or acetaldehyde have opposite effects on the concentration of 
OP required to inhibit activity 50%: decreasing (C2H;OH) de- 
creases the (OP) required, while decreasing (CH;CHO) increases 
it. The two lines showing this relationship intersect at (OP) = 
7 X 10-5 M, and approximately at 10-* m substrate concentra- 
tion. Thus, at this relatively low substrate concentration, an 
apparent K op value is obtained which is common to the forward 
and back reactions, and is in agreement with that obtained from 
Figs. 3 and 6B. Thus there are three possible numerical values 
for Kop: 7 X 10-5 mM, 3.1 X 10-5 M (5), and 4 xX 10-* m (Figs. 
5 and 6A). 

A value for K op which adequately represents the experimental 
data on inhibitions should lead to the derivation of velocity 
constants which agree with those derived from the uninhibited 
control reactions in Table I. The velocity constants in the re- 
action scheme shown in Equations 1 and 3 were calculated from 
the inhibition kinetics by a previously described graphic method 
of solution (3). Fig. 8A shows the data on (C2:H;OH) variations 
in which the values of the slopes of the lines in Fig. 3 are plotted 
as a function of (OP) concentration. Fig. 8B is a plot of the 
intercepts from the same data, versus (OP) concentration. The 
equations for solution for values of ke, ks, ks, and kg are indicated. 

With the use of these data, and each of the three possible 
values for Kop discussed above, the results shown in Table II 
were calculated. Kop = 7 X 10-5 M is an unacceptable value, 
since no solution is then available for k; or ks. When Kop = 
3.1 X 10-° M, real values are obtained for all the velocity con- 
stants which are in good agreement with those shown in Table I, 
except for k; which is low. When Kop = 4 X 10-* M, both ks 


and ks are lower than the values in Table I, whereas &; is high. 
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Obviously, the significance of these deviations is questionable. 
It may be concluded, however, that the Kop value of 3.1 xX 
10-* M gives consistent values for velocity constants, and, being 
determined independently of activity measurements (5), is the 
most objective of the acceptable values for K op. 

The inhibitory kinetics when ethanol concentration is as high 
as 2 X 10°? m (Fig. 3) seem to be consistent with Equations 1 
to 4, and this value for Kop. High acetaldehyde concentrations, 
on the other hand, are not susceptible to a similar kinetic anal- 
ysis. The data in Fig. 5, where (CH;sCHO) was varied to as 
high as 5 X 10-3 M, produce lines which are parallel; no similar 
solution for velocity constants is available, therefore. The ap- 
parent value of Kop, however, is affected by the (CH;sCHO) 
concentration (Fig. 7). Thus, while the forward reaction scheme 
and the chosen value for K op seem consistent with the postulated 
reaction scheme, the back reaction scheme does not. Further 
modifications thus may be examined. 

The apparent effect of the substrates on Kop may imply the 
formation of a ternary complex involving the coenzyme, the 
substrate, and zinc, since the inhibitor, OP, combines specifically 
with zine under the conditions employed. Several observations, 
however, contradict this hypothesis. Consistent values for the 
velocity constants in Equations 1 to 3 can be calculated from 
noninhibited (Table I) or inhibited (Table II) reaction kinetics 
without including equations for the formation of such ternary 
complexes in the calculations. Further, if a substrate actually 
were bound to zine atoms, it should compete with OP; neither 
substrate does. Alternatively, however, it might be postulated 
that a ternary complex forms which does not involve a zinc atom 
as a coordinating center, but with the substrates so bound to the 
coenzyme that the binding of the latter to the zinc is affected, 
and thereby the inhibition by OP. Since OP acts only at a zinc 
atom, the present data on inhibitions are not adequate to test 
this hypothesis directly. It may be concluded, however, that 
such a ternary complex does not form at the zinc atom. 

Such modifications of the reaction scheme invoke actions of 
the substrates extrinsic to the enzyme molecule itself to explain 
disparities in the inhibitory effects of OP exerted at its zinc atoms. 
These are obviously of limited value in the absence of further 
experimental evidence as to their mode of interaction with this 
metallodehydrogenase. For the purpose of constructing a 
kinetic model, however, some indirect evidence exists which may 
with equal justification be used to support the hypothesis of a 
change in the enzyme molecule itself, to account for the observed 
differences. 

Horse liver alcohol dehydrogenase may be postulated to exist 
in two forms with different degrees of association with the co- 
enzyme, or with OP, or with both. These forms might be in an 
oxidation-reduction equilibrium; this would be consistent with 
the observation that this enzyme can reduce DPN in the absence 
of added ethanol (12). Alternatively, such forms might differ 
in structure; another zinc metallodehydrogenase, the glutamic 
dehydrogenase of beef liver (13, 14), when crystallized has a 
molecular weight of 10° (15), but is cleaved to smaller molecules 
by DPNH or by OP (16). Recent findings (17-19) indicate 
that the yeast alcohol dehydrogenase (YADH) also may exist 


as several molecular moieties. A kinetic scheme incorporating 


such reactions has been constructed, and leads to a formulation 
which rationalizes the apparent disparities in the data on in- 
hibition shown here, while including the competitive behavior of 





B. L. Vallee, R. J. P. Williams, and F. L. Hoch 


2625 


TABLE II 


Velocity constants for liver alcohol dehydrogenase calculated (see 
fig. 8) from inhibition data in Fig. 3 and with different 
values for Kop 


bf Units |4.0 X 10-8 |3.1X 108m} 7.0 X 107 
| | 
te sec”! Pea > 624: an 
ks sec"! 27 61 | } vegative 
ks mM! X sec! & 107 9.7 | 1.3 0.56 
| Negative 


ke mM! X sec"! X 10-4 0.83 1.9 





coenzyme and OP. Direct evaluation of structural changes in 
the liver enzyme are in progress to test such a model. 

The data presented indicate that zine in [(LADH)Zn,] is at or 
near the site of attachment of the coenzyme, but not that of 
the substrates. These findings are similar to those observed with 
{((YADH)Zn,], but the differences in the details of the inhibition 
kinetics imply somewhat different accessibilities of the zinc atoms 
of the two enzymes, as is indeed suggested by the absence of the 
irreversible inactivation in the OP inhibition of the liver en- 
zyme. 

The value for K op is of the same order of magnitude as is that 
for the reaction between ionic zinc and OP, 10-5 to 10-® m (20). 
This indicates a firm binding of OP to the zinc atoms even while 
they are attached to the enzyme molecule, and is in contrast to 
the much weaker binding of OP to the metal in [((YADH)Zn,], 
where K op is about 10-3 m (3). 

The differences in the interaction of the yeast and the liver 
enzymes with OP may reflect the mode of binding of the zine 
to the apoenzyme, as well as the chemical and steric organization 
of the apoenzyme protein molecule proximate to the zinc atoms. 


SUMMARY 


The kinetics of the instantaneous reversible inhibition of horse 
liver alcohol dehydrogenase by 1,10-phenanthroline have been 
studied. The data indicate that diphosphopyridine nucleotide 
(DPN) and its reduced form (DPNH) interact with the enzyme 
at or near a zine atom, whereas ethanol and acetaldehyde do not. 
The inhibition is mediated through the formation of an enzyme- 
inhibitor complex in which 1 molecule of 1, 10-phenanthroline is 
bound to each zine atom. This is consistent with the results of 
studies using spectrophotometric rather than enzymatic ma- 
terial (5). The kinetically determined values of Kop, the disso- 
ciation constant of this complex, extrapolated to (DPN) = 0 or 
to (DPNH) = 0, are 7.0 X 10->m and 4.0 x 10-®M, respectively. 
This compares with a value of 3.1 X 10-° Mm obtained by spectro- 
photometric determinations of the dissociation constants (5). 
This discrepancy, together with certain anomalies in the inhi- 
bition kinetics when (C2H;OH) or (CH;CHO) are varied, has 
been the basis for several model schemes of enzyme reaction, 
including the assumption that liver alcohol dehydrogenase may 
exist in oxidation-reduction forms capable of interconversion 
through the oxidation-reduction reaction between diphosphopyr- 
idine nucleotide and its reduced form. The inhibition kinetics 
imply that [((LADH)Zn.] and [((YADH)Zn,] may have different 


modes of action. 
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One approach to the general problem of the structure and func- 
tion of enzymes involves proteolytic hydrolysis with examination 
of the structure, composition, and catalytic activity of the hy- 
drolysis products. Fragments retaining partial enzyme activity 
have been obtained from trypsin and pepsin by autolysis (2, 3) 
and from trypsinogen by peptic digestion (4). Over half of the 
amino acid residues of papain may be removed by aminopepti- 
dase without activity loss (5). Ribonuclease loses activity when 
a peptide of 20 residues is removed from the NH:-terminal end, 
but regains activity when recombined with the peptide (6). Re- 
moval of COOH-terminal residues by carboxypeptidase has little 
effect on the activity of chymotrypsin (7), lysozyme (8), or ribo- 
nuclease (9, 10). In contrast, studies in this laboratory, pre- 
liminary to the investigations reported herein, (11), showed that 
treatment of muscle aldolase by crude trypsin or carboxypepti- 
dase readily caused marked activity loss. 

The purpose of this paper is to present observations on the 
striking decrease in aldolase catalytic activity and concomitant 
change in specificity accompanying release of terminal tyrosine 
residues by carboxypeptidase digestion. 

EXPERIMENTAL 

All solutions of enzymes and substrates were prepared in dis- 
tilled water passed through a mixed ion exchange resin bed 
(Rohm and Haas Monobed 3) to remove traces of ionic impuri- 
ties. Water treated in this manner is referred to as ion-low 
water. 

Enzymes and Substrates—Aldolase was a crystalline preparation 
from rabbit muscle made according to the method of Taylor et al. 
(i2) with minor modifications as reported previously (13). Suc- 
cessive preparations were made as required and all preparations 
were recrystallized two to five times and stored in the presence of 
the crystallizing medium at 2—5° until used. The molar concen- 
tration of aldolase was determined from its absorbancy at 280 
mu (Aogo/0.91 = mg of aldolase per ml (14)) and its molecular 
weight of 149,000 (15). 

Carboxypeptidase was a twice recrystallized preparation ob- 
tained in water suspension from the Worthington Biochemical 
Corporation. Just before use, carboxypeptidase was brought 
into solution at 4° in 10% LiCl (16) and adjusted to pH 7.8. 
Molar concentration of carboxypeptidase was determined from 


*Supported in part by Research Grant 4930 of the United 
States Public Health Service, and Grant 1753 of the National 
Science Foundation. Taken in part from the Ph.D. Thesis of E. 
R. Drechsler. Much of the experimental work reported herein 
was carried out in the Department of Agricultural Biochemistry, 
University of Minnesota, St. Paul. A preliminary report of this 
work has appeared (1). 

+ Present address, Department of Science and Mathematics, 
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its absorbancy at 280 my (A 20/2.3 = mg of carboxypeptidase per 
ml) and its molecular weight of 34,400 (16). When amino acid 
analyses were to be made with carboxypeptidase-aldolase hy- 
drolysates, carboxypeptidase crystals were first washed five to 
six times in water before solution in 10% LiCl. Carboxypepti- 
dase treated with diethyl-p-nitrophenyl phosphonate according 
to Harris (8) was kindly supplied by Dr. S. Wada. 

Fructose 1 ,6-diphosphate (fructose-di-P) and fructose 1-phos- 
phate! (fructose-1-P) solutions were prepared by removal of di- 
valent cations on suitable ion exchange resins followed by neutral- 
ization to pH 7.4; stock solutions were kept frozen when not in 
use. 

Aldolase Activity Assay—Aldolase activity was determined 
with fructose-di-P as substrate according to the colorimetric 
method of Sibley and Lehninger (17) as modified by Swenson 
and Boyer (13). With fructose-1-P as substrate, the same pro- 
cedure was followed with fructose-1-P at a final concentration of 
7 to8 X 10-*M, and an approximate 150-fold increase of aldolase 
(about 150 wg per ml, final concentration). Specific activities 
(13) were 45 to 51 for various aldolase preparations with fructose- 
di-P as substrate and 0.3 to 0.32 with fructose-1-P as substrate. 

In some of the work, the assay based on absorption increase 
at 240 my (18) was used, with aldolase at a final approximate 
concentration of 3 ug per ml. This procedure shows an undesira- 
ble lack of linearity of AA» with time.? Satisfactory compara- 
tive measurements were possible by use of the average change in 
Axo over the third to sixth minutes. Measurements were made 
in a Beckman spectrophotometer with the cell compartment tem- 
perature controlled by circulating H.O. 

Aldolase activity remaining during the course of a carboxy- 
peptidase digestion was determined with an aliquot diluted with 
0.001 m EDTA? at pH 7.8 to an appropriate aldolase concentra- 
tion. Such diluting effectively stopped the carboxypeptidase 
action as demonstrated by suitable controls in which the car- 
boxypeptidase and aldolase were diluted before mixing. 

Colorimetric or ultraviolet absorption assay of degraded aldo- 
lase with fructose-di-P required an approximate 10-fold increase 
in enzyme concentration over that used in the respective aldolase 
assay, whereas with fructose-1-P no increase in enzyme concen- 
tration was necessary. 


1 Ba fructose-1-P was kindly supplied by Drs. Lardy and 
Peanasky of the University of Wisconsin. 

2 Unpublished experiments of Dr. E. W. Westhead in this lab- 
oratory have shown that this lack of linearity results from delay 
in reaction of the trioses with the hydrazine; after a few minutes 
the rate of reaction with hydrazine is linear if enzyme concentra- 
tions are such that the absorbancy change does not exceed about 
0.03 per minute. 

3 The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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Amino Acid Analysis—Quantitative analyses were performed 
on supernatant solutions obtained from carboxypeptidase-aldo- 
lase incubation mixtures by precipitation of protein with cold 
trichloroacetic acid at a final concentration of 5%. Protein 
precipitates were washed with cold 5% CCl;COOH and the 
washings and supernatants pooled for analysis. 

Amino acid release was determined on supernatants from pre- 
cipitation with 5% CCl;COOH. Total amino acid was deter- 
mined as “leucine equivalents” with the ninhydrin method of 
Troll and Cannan (19), without prior neutralization of the 
CCl;COOH (20). Tyrosine was determined by a modification of 
the Folin-Ciocalteu method (21). As an independent check, the 
ultraviolet absorption method of Goodwin and Morton (22) was 
also used for tyrosine, based on measurement of the absorption 
at 293 my in 0.1 Nn NaOH, and a molar extinction coefficient of 
2390 for tyrosine. For these measurements, the CC];COOH was 
first neutralized and the NaOH adjusted to a final calculated 
concentration of 0.1 N. 

Qualitative amino acid analyses of carboxypeptidase-aldolase 
incubation mixtures were made by the one-dimensional, descend- 
ing paper chromatographic technique on Whatman No. 1 or No. 
4 paper. Solvent systems used were: 4:1:5 n-butanol-acetic 
acid-water; 12: 1:1 n-butanol-formic acid-water; water saturated 
phenol containing 0.005% 8-hydroxyquinoline (23) and 5:3:1:1 
n-butanol-2-butanone-water-15 N ammonia (24). 
visualized with a ninhydrin spray, 0.25% in acetone. Standard 
amino acids were included as markers. When necessary CCl; 
-COOH was removed from aliquots of supernatants by ether 
extraction, followed by adsorption of the free amino acids and 
elution on to from Amberlite IR 120 cation exchange resin (Rohm 
and Haas), 20 to 40 mesh, in the hydrogen form. Aliquots were 
also prepared for paper chromatography by direct termination 
of the carboxypeptidase action with IR 120 resin and elution of 
the free amino acids therefrom, according to published pro- 
cedures (8). 

To insure the absence of interfering material or extraneous 
amino acids from the starting solutions of aldolase, the solutions 
were exhaustively dialyzed in the cold against 10-? m EDTA at 
pH 7.8 and then the dialyzed protein solution was passed through 
a mixed ion exchange resin bed (Rohm and Haas Monobed 1). 
Nearly quantitative recovery of activity and protein was ob- 
tained after such treatment. 

Optical rotation measurements were made, through the co- 
operation of Dr. John Schellman of the Department of Chemis- 
try, with a Rudolph precision photoelectric polarimeter, with 
the use of a 1-cm micro polarimeter tube. 


Spots were 


RESULTS 


Loss of Aldolase Activity in Presence of Carboxypeptidase— 
When 1 to 1.5% solutions of aldolase were incubated with car- 
boxypeptidase in 10-* m EDTA, 0.5 to 1.5% LiCl, pH 7.8 to 8.0, 
a rapid but incomplete loss of aldolase activity resulted. Con- 
trols without carboxypeptidase showed little or no loss when in- 
cubated under similar conditions. The rate, but not the extent 
of activity loss, was changed by variation of the aldolase: car- 
boxypeptidase ratio. At aldolase:carboxypeptidase ratios of 
1000, aldolase underwent activity loss within a 5-minute period 
to a product retaining approximately 7% of the original activity. 
That the presence of this residual aldolase activity did not result 
from decreased potential carboxypeptidase activity, and that the 
activity loss was not due to trypsin or chymotrypsin contami- 
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nants in the carboxypeptidase, was shown by the following ey. 
periments: 

(a) Use of more carboxypeptidase so as to decrease the mole 
ratio of aldolase: carboxypeptidase to as low as 20, or increasing 
the time of incubation up to 3 hours, did not result in further ae. 
tivity loss. 

(b) Fresh aldolase underwent rapid degradation when added 
to an incubation mixture in which the original aldolase had lost 
some 93% of its activity. 

(c) Carboxypeptidase and carboxypeptidase which had beep 
treated with diethyl-p-nitrophenylphosphonate to inactivate 
endopeptidases gave entirely analogous activity losses. 

The activity loss upon carboxypeptidase treatment was readily 
reproducible. In the course of these experiments, similar resid- 
ual activities upon carboxypeptidase digestion have been 
obtained with at least seven different aldolase preparations 
varying from crude to highly purified. 

Qualitative Identification of Amino Acids Released—Paper chro- 
matography of aliquots of carboxypeptidase-aldolase incubation 
mixtures, prepared for chromatography by either of the pro- 
cedures mentioned in ‘“Experimental,’’ showed that the first and 
only amino acid appearing in significant amounts during the 
degradation of aldolase to minimum activity was tyrosine. For 
example, an experiment was performed in which samples of car- 
boxypeptidase-aldolase incubation mixtures were taken when 
residual activity was at 16, 8, and 7% of initial aldolase activity, 
Samples were prepared for chromatography by direct termina- 
tion of the reaction with IR 120-H resin. Only tyrosine appeared 
on the chromatogram of the 16% activity sample. In addition 
to the tyrosine spot, a very faint spot migrating with an R» near 
that of alanine began to appear in the 8% sample and became 
more intense in the 7% sample. With continued incubation or 
with higher concentrations of carboxypeptidase, two moles of 
alanine per mole of aldolase appeared accompanied by traces of 
other amino acids tentatively identified as histidine, serine and 
phenylalanine using the solvent systems given in the experi- 
mental section. 

The identity of the first amino acid released as tyrosine was 
established by comparison of the Rr values with authentic tyro- 
sine in the solvent systems mentioned above, by the characteristic 
slate gray color obtained with a ninhydrin-collidine spray re- 
agent, the streaking and tailing in the n-butanol-acetic acid- 
water solvent system as reported by Gladner and Neurath (7), by 
the qualitative identity of the ultraviolet absorption spectrum 
with authentic tyrosine, by the production of color with the 
Folin reaction, and by the identification as tyrosine by the spe- 
cific test based on reaction with a-nitroso-B-naphthol (25). The 
absence of tryptophan was evident from the chromatographic 
studies and was further demonstrated by the specific test of Spies 
and Chambers (26). Good agreement was obtained in quanti- 
tative measurement of tyrosine released based on either the ul- 
traviolet absorption or reaction with the Folin reagent. 

“Zero time” controls or tests with aldolase alone revealed 
slight amounts of ninhydrin-positive material with an Rp in the 
vicinity of glycine if aldolase was not pretreated with MB-1 
resin before incubation with carboxypeptidase. 
ing of carboxypeptidase in distilled water before its solution in 
10% LiCl eliminated faint spots in the vicinity of cystine. With 
these precautions, appearance of nonprotein ninhydrin reactive 
material was entirely dependent upon carboxypeptidase diges- 
tion. 


Extensive wash- 
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Correlation of Amino Acid Release with Activity Loss—For 
quantitative determination of tyrosine release as correlated with 
activity loss, appropriate samples of dialyzed and resin-treated 
aldolase were incubated with carboxypeptidase and aliquots 
withdrawn at various time intervals for activity assay and free 
tyrosine determinations by use of the Folin reagent. Results of 
such experiments are shown in Fig. 1. It is evident that a nearly 
linear relationship exists between loss of aldolase activity and 
release of tyrosine, and that maximum activity loss is reached 
when tyrosine release is at a maximum of 3 moles tyrosine per 
mole of aldolase. 

The relation between total amino acid released and activity 
loss was evaluated by use of quantitative ninhydrin assay. A 
representative experiment is as follows. Aldolase was incubated 
at an aldolase :carboxypeptidase ratio of 20 and attained mini- 
mum activity within 1 minute with release of 3 moles of tyrosine 
per mole of aldolase. However, the total amino acid released in 
this sample as measured by the ninhydrin reaction was 3.4 leu- 
cine equivalents per mole of aldolase. After incubation for 5 
minutes, analysis showed that tyrosine release remained constant 
but that total amino acid had reached a value of 4.5 leucine equiv- 
alents per mole of aldolase. Under the conditions used in the 
ninhydrin assay, authentic tyrosine consistently gave a value of 
0.84 leucine equivalent.4 Of the total 4.5 leucine equivalents 
found per mole of aldolase, tyrosine would thus account for 2.5, 
leaving 2.0 “extra” leucine equivalents per mole of aldolase not 
accounted as tyrosine. Clearly 5 amino acid residues are readily 
liberated from aldolase by carboxypeptidase, and only three of 
these are tyrosine. 

Measurements were made of the total amino acid and of tyro- 
sine release during the early stage of the degradation when mini- 
mum activity had not yet been reached to give additional infor- 
mation as to the order of release of the amino acids. The 
relationship of total amino acid to tyrosine release under variable 
incubation conditions is shown in Fig. 2. It is seen that tyro- 
sine is the only amino acid released during the degradation of 
aldolase to the minimum 7% activity. The results in Fig. 2, 
in harmony with the qualitative paper chromatographic experi- 
ments given earlier, show that only after minimum activity has 
Quanti- 
tatively, the release of this amino acid approaches a limit of two 
leucine equivalents per mole of aldolase under the most drastic 
conditions used, 7.e. incubation at an aldolase: carboxypeptidase 
ratio of 20. 

Crystalline Active Degraded Aldolase—The establishment of a 
constant residual activity remaining after carboxypeptidase ac- 
tion on aldolase indicated the probable presence of a new molecu- 
This activity still showed characteristics attributa- 
ble to protein. In experiments with solutions of maximally de- 
graded aldolase, the residual activity was completely lost when 
subjected to boiling water bath temperatures for 5 minutes. Ac- 
tivity was fully retained upon standing at room temperatures for 
periods up to several hours, at 30° for 2 hours, or at 2—4° for sev- 
eral days. Incubation for 5 minutes at 30° with either 5 x 10~ 
m Cut+ or Agt led to complete loss of activity. When the solu- 
tion was dialyzed in the cold against 10~* m EDTA, pH 7.4, for 


been reached does other amino acid begin to appear. 


lar species. 


4 This value pertains to measurements made at 570 my with the 
Bausch and Lomb Spectronic 30 colorimeter. Other investigators 
have similarly noted that tyrosine in 5% CCl;COOH gives less 
color than other amino acids. Thus Gladner and Neurath (20) 
reported that tyrosine possessed a value of 0.75 leucine equivalent 
under similar conditions. 
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Fig. 1. Correlation of catalytic activity loss and tyrosine re- 
lease by carboxypeptidase action on aldolase. Four times recrys- 
tallized aldolase, 45.5 mg (0.306 umole), after dialysis and resin 
treatment, was incubated with carboxypeptidase (aldolase: car- 
boxypeptidase mole ratio = 1,000) in 3.1 ml containing 1.5% LiCl 
and 0.001 m EDTA at pH 7.8. At the indicated times aliquots 
were removed for assay of catalytic activity and tyrosine release 
as described in the text. 
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Fic. 2. Correlation of total amino acid and tyrosine release by 
carboxypeptidase action on aldolase. Each point represents the 
tyrosine and the total amino acid, corrected for appropriate con- 
trols, present in 5% CCl;,COOH supernatants of separate incuba- 
tion mixtures. Solutions of carboxypeptidase in 10% LiCl were 
added to twice recrystallized aldolase, dialyzed, and resin-treated, 
in 1% LiCl, 10-* m EDTA, and 0.006 m phosphate buffer, pH 7.9, 
2 to 8 ml total volume, and incubated at 30°. The yumoles of 
aldolase, the aldolase:carboxypeptidase mole ratio, and time of 
incubation in minutes, were respectively: &, 0.507, 38,800, 15; O, 
0.507, 38,800, 90; @, 0.465, 9,600, 15; [, 0.254, 38,800, 240; M@, 0.302, 
15,000, 180; A, 0.525, 20, 1; A, 0.525, 20,5. Thesolid curve through 
the points represents observed values; the dashed line represents 
the expected value if all leucine equivalents were tyrosine (leucine 
equivalent of tyrosine = 0.84). 





periods up to 48 hours, no activity could be detected in the dialy- 
sate whereas practically all activity was recovered within the 
dialyzed solution. 

Initial trials with ammonium sulfate fractionation showed that 
all activity and protein could be precipitated at 65% ammonium 


2630 


TaBLeE I 
Crystallization and recrystallization of degraded aldolase 











Fraction a | ae 
mg % 
Initial aldolase..............2....000. 244 | 100 
Incubation solution of degraded al- 

a dai eel, achat © ll Sele area 242 7.0 
First crystalline degraded aldolase. ... 212 7.0 
Once recrystallized degraded aldolase | 178 6.7 
Twice recrystallized degraded aldolase . | 172 6.9 
Three times recrystallized degraded al- 

Ee ee ee ae 158 7.0 








* Both aldolase and degraded aldolase concentrations were de- 
termined from absorption at 280 my, with the value A20/0.91 = 
mg of protein per ml (13) for aldolase, and A 2s0/0.94 = mg of pro- 
tein per ml for degraded aldolase. The latter value is estimated 
from the expected contribution of tyrosine and tryptophan resi- 
dues to the Asso value based on the amino acid composition and 
loss of 3 tyrosine residues per mole. 


Tasie II 
Specific optical rotation of aldolase and degraded aldolase 

The rotation at 24°, 5471 A, of a sample of dialyzed, resin- 
treated aldolase, 25.6 mg per ml in 10-* mM EDTA solution, adjusted 
to pH 7.8 and 1% in LiCl was determined. Then carboxypep- 
tidase in 10% LiCl, pH 7.8, was added to give an aldolase: car- 
boxypeptidase mole ratio of 810. Dilution of the aldolase solu- 
tion by carboxypeptidase or contribution of carboxypeptidase to 
rotation was negligible. Incubation proceeded at 24° over a 
period of 50 minutes while the rotation was followed. After 90 
minutes, a sample was withdrawn for activity assay. 





| Initial | 
Sample | aldolase Specific rotation 
} activity | 
a ee ae “ an = 
NS en ae er Tee 4 100 | —26.1° + 0.2° 
50 min with carboxypeptidase...... | | —26.6° + 0.2° 


90 min with carboxypeptidase....... | —26.6° + 0.2° 








sulfate saturation. For precipitation, 0.65 volume of saturated 
ammonium sulfate solution at room temperature and pH 7.5 
was added to 0.35 volume of cold degraded aldolase solution. 
After standing overnight, the degraded aldolase could be har- 
vested, crystallized, and recrystallized by the same procedure 
used for aldolase. The first ammonium sulfate precipitate of 
degraded aldolase gave a slight particulate residue when dissolved 
in the minimum amount of 10-* m EDTA and this residue was 
centrifuged off and discarded before diluting the protein solution 
to a more convenient volume prior to subsequent recrystalliza- 
tion procedures. Crystalline degraded aldolase obtained in this 
manner appeared as fine needles under the microscope. The 
ultraviolet absorption spectrum of a solution of crystalline de- 
graded aldolase in 10~* m EDTA, at pH 7.4, showed an absorp- 
tion maximum at 280 my and a minimum in the 250 my region. 

A crystalline preparation of degraded aldolase used in the 
experiments described in the following sections was prepared by 
incubating 244 mg of twice recrystallized aldolase in 107° m 
EDTA, 0.009 m in phosphate buffer, and 1.1% LiCl, at pH 7.5, 
for 1 hour at 30° with an aldolase: carboxypeptidase ratio of 770. 
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A summary of the crystallization and recrystallization is given 
in Table I. 

Physical and Chemical Properties of Aldolase and Degraded Al.- 
dolase—Ultracentrifuge runs were made with approximately 1% 
solutions of crystalline aldolase or degraded aldolase under con- 
ditions closely similar to those used by Gralén (27). Both aldo- 
lase and degraded aldolase showed homogeneous schlieren pat- 
terns with sharp peaks throughout the duration of a 96 minute 
run at 59,780 r.p.m. When a combined sample of aldolase and 
degraded aldolase was run in the ultracentrifuge, only one sharp 
peak was observed throughout the duration of a 112 minute run, 
Immediately before this run it was shown that the aldolase sam- 
ple incubated for 1 hour at 30° with a large excess of the degraded 
aldolase underwent no loss of activity. Thus the degraded aldo- 
lase preparation was free from carboxypeptidase, and native 
aldolase would be expected to remain unchanged in the mixture. 

The optical rotation of aldolase was measured before, during, 
and after its conversion to degraded aldolase by carboxypeptidase 
to determine if any major structural changes had occurred in the 
aldolase molecule during conversion to degraded aldolase. The 
results are summarized in Table II, where it is seen that little or 
no change occurs in the specific rotation of aldolase during its 
conversion to degraded aldolase. 

The chemical environment or hydrogen bonding of tyrosine 
residues in a protein may be partially revealed by examination 
of absorption spectra at different pH values (28, 29). Native 
aldolase shows a marked difference in absorbancy at pH 6.8 and 
1.3, as shown by the difference absorption spectrum given in Fig, 
3. The difference spectrum results from a lowering of the ab- 
sorbancy at acid pH accompanied by a shift of the maximum 
from 280 to 277 mu. Possible contributions to the spectral 
change may be that at pH 7.3 the tyrosine residues are exten- 
sively involved in hydrogen bonding or in ion-dipole interactions 
with closely adjacent groups (28, 29), or that the tyrosine resi- 
dues may lie in hydrophobic regions created by aliphatic side 














| 
240 260 280 300 320 


my 


Fic. 3. Difference absorption spectrum of aldolase at pH 68 
and pH 1.3. Centrifuged and well drained aldolase crystals were 
dissolved in water and 1.00 ml aliquots added to 3.00 ml of either 
0.1 m HCl or 0.1 m KCl to give solutions containing 1.1 mg of al- 
dolase per ml at pH 6.8 or 1.3. The absorbancy was measured in 
a Cary model 11 spectrophotometer with the pH 1.3 solution as 
the blank. 
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chains.> It should be noted, however, that the maximum ab- 
sorbancy difference (Fig. 3) amounts to a ey of 800 per tyrosine 
residue. This is much larger than noted for other proteins or 
simple tyrosine derivatives (28, 29), and suggests that change in 
absorbancy of tryptophan residues may contribute considerable 
to the difference spectrum. 

The difference absorption technique was also used to compare 
aldolase and a carboxypeptidase digest of aldolase in a manner 
similar to that used for insulin and its tryptic digest (29). A 
solution of aldolase, containing 1.6 mg per ml in 10-* m EDTA, 
i% LiCl, at pH 7.8, was compared to a similar, blank solution 
to which carboxypeptidase had been added at an initial aldolase: 
carboxypeptidase ratio of 210. The relative absorbancy at 287 
mu of the enzyme-treated aldolase, as measured against the un- 
altered aldolase, decreased slightly over a few minute period, 
and then remained constant. The total increment, AA 27, 
amounted to 0.018. Activity assay confirmed that residual ac- 
tivity had been reached. The results are indicative of a change 
in hydrogen bonding or chemical environment of one or more of 
the tyrosine molecules released. 

Changes in the properties of the aldolase molecule upon car- 
boxypeptidase degradation might also be revealed by measure- 
ment of sensitivity to heat denaturation. The data of Fig. 4 
show the effect of time of heating at 60° under identical condi- 
tions on the catalytic activity as measured in the usual assay 
with fructose-di-P at 30°. The degraded aldolase is definitely 
more resistant to loss of activity upon heating than aldolase. 

Another approach which may reveal changes in properties 
and structure is measurement of the rate and extent of reaction 
of various chemical groups on the protein. The rate and extent 
of reaction of aldolase and degraded aldolase with p-mercuri- 
benzoate were compared under the same conditions as used by 
Swenson and Boyer (13) for aldolase. Within experimental er- 
ror, the rate and extent of reaction of aldolase was the same as 
that for degraded aldolase. 

Catalytic Activity with Fructose-1-P and Fructose-di-P—The 
ability of rabbit muscle aldolase to cleave fructose-1-P as well 
as fructose-di-P has been reported (31-33). Results of experi- 
ments to assess the effect of carboxypeptidase degradation on the 
fructose-1-P activity of aldolase are shown in Table III. These 
results show that fructose-1-P activity is not lost by carboxypep- 
tidase degradation and that highest recoveries of fructose-1-P 
activity seem to be reached at points somewhat before minimum 
fructose-di-P activity is reached. These results may reflect the 
existence of a transient molecular species possessing enhanced 
fructose-1-P activity. In similar experiments the ratios of ac- 
tivity with the two substrates have been somewhat variable, but 
with the consistent finding that fructose-1-P activity was always 
recovered in excess of 100% of the initial fructose-1-P activity, 
providing fructose-di-P activity had approached maximum degra- 
dation. No change in fructose-1-P activity was noted unless the 
loss of activity toward fructose-di-P had been extensive. 

Energy of Activation for Catalysis by Aldolase and Degraded 
Aldolase—The effect of temperature on the rate of cleavage of 
fructose-di-P by aldolase or degraded aldolase was studied over 
the range of 16 to 37°, with the ultraviolet assay method. As- 
says were made with 0.004 m fructose-di-P, far in excess of the 
K,,; this obviates change in K,, with temperature as a factor 
modifying measured activation energy. Possible change in pH 


5 Consideration of this possibility is indicated by recent find- 
ings of Yanari and Bovey (30). 
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LOG % INITIAL ACTIVITY 








0 J i 1 | | 
) 2 4 6 8 10 
MINUTES AT 60° C. 


Fig. 4. Heat inactivation of aldolase and degraded aldolase at 
60°. Activity values for aldolase are denoted by @——@; those 
for degraded aldolase by O——O. Equal volumes of aldolase or 
degraded aldolase solution in 10-* m EDTA, 0.15 m phosphate 
buffer, pH 7.4, each containing 40 yg of protein per ml, in small 
test tubes of the same size, were exposed to a temperature of 60°, 
in a constant temperature water bath for various periods of times. 
Samples were cooled in ice 10 minutes, brought to 30° for 5 min- 
utes, and activity was assayed by the ultraviolet absorption 
method. No visible turbidities were observed after heat ex- 
posure. Enzyme controls were similarly treated except for being 
exposed to a temperature of 30°. 





Tas.e III 
Activity of aldolase and degraded aldolase with fructose-1-P 
and fructose-di-P 

Solutions of three times recrystallized aldolase in 10-?m EDTA, 
at pH 7.8, were incubated at 30° with carboxypeptidase at a final 
LiCl concentration of 1%. At desired times aliquots were di- 
luted for fructose-1-P assay and further diluted for fructose-di-P 
assay. 











| 
. . | Ratio of 
Experiment ee ee ee specific 
Fructose Fructose- | activities 
| di-P 1-P | 
—| —|——~ . |, —— 
1. Initial aldolase.............. | 49 | 0.3 | 163 
After carboxypeptidase*.....| S41. ae 6 
ee 
2. Initial aldolase... ee ee 
After carboxypeptidasef.... .| | Of 3 10 








* 15-minute incubation, aldolase:carboxypeptidase ratio = 
640. 

+ 30-minute incubation, aldolase:carboxypeptidase ratio = 
480. 


activity relationships with temperature were not controlled. 
Plots of 1/v against 1/T according to the integrated form of the 
Arrhenius equation for both aldolase and degraded aldolase gave 
curves very slightly concave downwards, indicating a gradual 
change in activation energy with temperature. From the slopes 
of the best straight lines through the points, an activation energy 
of close to 16,000 calories per mole was calculated for both aldo- 
lase and degraded aldolase. 

Michaelis Constants and Maximum Velocities for Fructose-di- 
P and Fructose-1-P—The effect of substrate concentration on 
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Fia. 5. Effect of fructose-di-P (FDP) and fructose-1-P (F-1-P) 
concentration on reaction rate with aldolase and degraded aldol- 
ase. Assays were made by the ultraviolet absorption method; 
velocity is expressed as AAow per minute. Solutions contained 
0.0023 m hydrazine, 10-* m EDTA, and substrate at pH 7.4. The 
total volume with fructose-di-P was 3 ml; that with fructose-1-P 
was only 0.3 ml (to conserve substrate) in a microcuvette with 
l-cm light path. Enzyme molarities X 10* used were 0.7, 8, 29, 
and 18 for fructose-di-P with aldolase and degraded aldolase, and 
for fructose-1-P with aldolase and degraded aldolase, respectively. 


TABLE IV 
Kinetic parameters for aldolase and degraded aldolase 











Michaelis constant 


| 
|-—- “ 
| 


| Maximum velocity 








| Fructose-1-P | er « pe 


| | 


Fructose- 
1-P 


Aldolase............. | 6.2 X 10-5 | 4.3 x 10-| 100* 


Degraded aldolase. . | 2.0X 10-§|/2.3X 10%) 5.8 | 2.5 

*Maximum velocities at a given enzyme concentration are 
relative to that for fructose-di-P at 100; the observed AA 240 per 
minute with fructose-di-P was 0.031. 








TABLE V 


Aldolase and degraded aldolase activities in combined presence of 
fructose-di-P and fructose-1-P 

The separate fructose-di-P and fructose-1-P activity of al- 
dolase and degraded aldolase was first determined and then, un- 
der the same conditions, activity was determined in presence of 
the combined substrates, with the ultraviolet assay method. 
Concentrations of fructose-di-P and fructose-1-P used were 4.4 
and 2.3 times their respective K,, with either enzyme. Degraded 
aldolase was at a final assay level (12 wg per ml) which would give 
a measurable AA 40 per min with fructose-1-P but not an exces- 
sively high value of AA per min with fructose-di-P. To avoid 
a large AAoo per min with fructose-di-P, aldolase was used at a 
final level (1 wg per ml) which was too low to obtain measurable 
changes at 240 my with fructose-1-P. 








Aldolase Degraded aldolase 








Substrate Ac tivity“) Substrate 


Activity* 


Fructose-di-P | Fructose-1-P 


| Fructose-di-P | Fructose-1-P 


— . | 7 





10-*m | 19 


1.4 X 10°*M | 30 
1.4 X 10-* 0.0lim | 22¢ | | 0.01 m 4 
10-* m 


0.01 M 15t 








* Corrected AA a4 per minute X 10%. 
+ Expected if not competitive: 30. 
t Expected if not competitive: 23. 
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the rate of cleavage of fructose-di-P and fructose-1-P by crystal- 
line aldolase and degraded aldolase was studied. The data are 
plotted according to the method of Eadie (34) in Fig. 5. Caleu- 
lated values for the Michaelis constants and maximum velocities 
are given in Table IV. The value for the K,, of fructose-di-P 
with degraded aldolase is less accurate than the other values be- 
cause sensitivity of the assay procedure made initial velocity 
measurements difficult at the requisite lower substrate concentra- 
tions. The accuracy does suffice to establish clearly that the 
K,, of fructose-di-P for degraded aldolase is less than that for 
native aldolase. Similarly, the K,, for fructose-1-P is less for 
degraded than native aldolase, although much higher for both 
enzyme forms than the K,, for fructose-di-P. 

K,, with fructose-di-P for aldolase has been reported to be 
5 X 107° (32) and 6 X 10~* m (35), in good agreement with the 
value reported herein. K,, for fructose-1-P with aldolase has 
been reported to be 3.4 X 107 m (32) and 5 x 107 (35); 
our value is in fair agreement with the former. 

Fructose-di-P and Fructose-1-P Competition—lf the cleaving 
of both fructose-di-P and fructose-1-P by degraded aldolase re- 
sults from presence of a common catalytic site, then activities 
observed in presence of both substrates should not be additive. 
Results given in Table V show that both aldolase and degraded 
aldolase activities are inhibited in the presence of the combined 
substrates. This indicates that fructose-di-P and fructose-1-P 
are bound at the same site in both aldolase and degraded aldolase. 

DISCUSSION 

Aldolase is unique among enzymes thus far studied in that 
enzyme activity is largely lost with the loss of a few amino acids 
at or near COOH-terminal ends of peptide chains. Of particu- 
lar interest is the retention of partial activity and change in spe- 
cificity accompanying carboxypeptidase digestion. The dem- 
onstration that tyrosine is the first amino acid to be released 
shows it to be a C-terminal amino acid. 

It has been reported (36) that aldolase has two NH.-terminal 
amino acids. On such basis, the simplest conclusion to be drawn 
from the present study is that tyrosine occupies the COOH- 
terminus of each of the two peptide chains of aldolase. The third 
tyrosine residue released from aldolase could have been COOH- 
terminal on a third peptide chain or could have been penultimate 
in one of the two chains. However, as is well recognized (37), 
use of carboxypeptidase for COOH-terminal analysis of proteins 
can give evidence for assigning an amino acid to the COOH- 
terminal position only in case one peptide chain is involved. 
Unequivocal assignment of COOH-terminal position requires cor- 
roboratory evidence by chemical methods.® 

The correlation of all activity loss with the release of three 
tyrosine residues, and the appearance of two alanine residues 
after tyrosine release was complete, suggest that the alanine 
residues are not involved in aldolase catalytic activity. 

The ability of carboxypeptidase to liberate amino acids readily 
from aldolase is clearly limited to the release of three tyrosine 
and two additional amino acids from the aldolase molecule. The 
resistance to further digestion could reflect nonconformity to the 
specificity requirements of carboxypeptidase. Proline residues 
in the terminal or penultimate position as well as presence of 
lysine or arginine residues limit carboxypeptidase action (20, 37, 


6 Recent studies by Dr. A. Kowalsky (38) in this laboratory, 
with the use of a combined O'8-carboxypeptidase procedure, have 
shown that all three tyrosine residues are C-terminal. 
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39). In addition, inaccessibility because of steric shielding may 
account for lack of further carboxypeptidase action. 

The high recovery of crystalline degraded aldolase shows that 
aldolase was quantitatively converted to degraded aldolase. The 
constant specific activity during isolation and repeated recrystal- 
lization gives strong evidence that observed residual activity is a 
property of the entire recovered crystalline product, and not the 
result of the fortuitous presence of a constant contamination 
originally present in aldolase which had been carried along un- 
affected by crystallization and recrystallization of aldolase or de- 
graded aldolase or by carboxypeptidase action. Additional evi- 
dence for this comes from experiments which showed that a simi- 
jar level of residual activity was obtained with crude as compared 
to highly purified preparations of native aldolase. 

Several facets of the data show that the transformation of 
native to degraded aldolase is not accompanied by major struc- 
tural change. Proteins with very low levorotations are highly 
folded and formation of a random coil from an a-helix configura- 
tion is accompanied by a large increase in levorotation (40, 41). 
On this basis, the fact that the specific optical rotation of —26.2° 
for aldolase underwent little or no change during the conversion 
to degraded aldolase shows that aldolase exists in a highly folded 
state and undergoes little or no change in structure during the 
conversion. Lack of structural change is also indicated by the 
identical rate of reaction of —SH groups of aldolase and degraded 
aldolase with p-mercuribenzoate. Only roughly } of the —SH 
groups of aldolase react rapidly with p-mercuribenzoate at neu- 
tral pH and room temperature, and relatively low urea concen- 
trations greatly increase reactivity of the —SH groups (13). 
Thus the reaction rate with p-mercuribenzoate may give a sensi- 
tive criterion of structural change. 

The analytical value of 41 tyrosine residues per mole of aldolase 
(42) makes likely the existence of considerable interaction of 
tyrosyl residues with other groups in the enzyme. Evidence for 
such interaction is given by the finding of a considerable differ- 
ence in absorption at 287 my in acid as compared to neutral 
solution. The presence of 15 tryptophan residues per mole of 
aldolase (42) contributes more than the tyrosine to the absorption 
at 280 mu because of the considerably larger ey of tryptophan. 
The relatively large spectral change in the 270 to 280 my region 
upon acidification of aldolase suggests that the absorption of the 
tryptophan residues is influenced by accompanying structural 
changes. 

The finding of only a small change in absorption at 287 mu 
when aldolase was degraded with carboxypeptidase indicated 
that only a small change had occurred in the environment of 
aromatic amino acid residues during the conversion to degraded 
This may reflect changes in absorption of the liberated 

These results support the conclusion that no large 
structural changes occur in the conversion. Further evidence 
comes from the identical ultracentrifugal sedimentation behavior 
of aldolase and degraded aldolase. The removal of amino acid 
residues during the conversion increased the resistance of the 
bulk of the folded polypeptide to heat denaturation. This could 
be a reflection of structural change, or of some promoting effect 
of the amino acids residues susceptible to carboxypeptidase re- 
moval. 

The tyrosines removed by carboxypeptidase digestion have a 
much more critical role in the cleavage of fructose-di-P than of 
fructose-1-P. Indeed, the similar activities of aldolase and de- 
graded aldolase toward fructose-1-P suggest that catalysis to- 


aldolase. 
tyrosines. 
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ward this substrate is largely independent of the tyrosines. The 
present findings do not allow choice between the alternatives 
that the tyrosine residues promote fructose-di-P cleavage by 
direct interaction with the substrate during the catalysis or by 
favoring a particular catalytically more active structure of the 
protein independent of any direct interaction with the tyrosines 
and fructose-di-P. The results do rule out any major structural 
difference between aldolase and degraded aldolase, but obviously 
only a very minor difference could conceivably markedly alter 
catalytic properties. One possibility that merits consideration 
is a direct binding of the tyrosyl residues to the phosphate in 
position 6 of fructose-di-P. Phosphate, oxygen, and hydroxyl 
groups may participate in strong hydrogen bonding (43), and 
interaction of phosphate need not be limited to ionic attractions. 
Varied and more detailed speculations could be made but do not 
appear warranted at this time. 

The linear relation between activity loss and tyrosine release 
does not establish whether activity loss may be critically affected 
by removal of a certain tyrosine residue or result from the ran- 
dom release of the three tyrosine residues per molecule. The 
linear relationships might result with either “all-or-none” type 
or a random release of the tyrosines. 

That Michaelis constants may not give a measure of enzyme- 
substrate dissociation constants has become increasingly clear 
from experimental findings as well as theoretical interpretations. 
Further, substrates with similar maximum velocities but differ- 
ent Michaelis constants for the same enzyme may not necessarily 
have different dissociation constants. Thus limited significance 
can at present be attached to the lower Michaelis constants of 
degraded as compared to native aldolase for fructose-1-P and 
fructose-di-P. 

The much greater maximum velocity attainable with fructose- 
di-P obviously shows that the free energy of formation of the 
activated transition state is less for this substrate with native 
aldolase than for degraded aldolase. The similar energy of ac- 
tivation means that the AH for formation of the activated com- 
plex does not change, and thus the entropy of activation for de- 
graded aldolase is less than that for native aldolase. 

The finding that fructose-1-P is cleaved by rabbit muscle al- 
dolase is in agreement with previous reports (31-33). The com- 
petition of fructose-di-P and fructose-1-P for the same binding 
site of aldolase or degraded aldolase (Table V) is reasonably ex- 
pected on the basis of the structural similarities of the two sub- 
strates. It has been shown (44) that aldolase is specific for 
dihydroxyacetonephosphate, the moiety common to both fruc- 
tose-di-P and fructose-1-P. The results show that fructose-di-P 
and fructose-1-P activities of either aldolase or degraded aldolase 
are the property of only one enzyme. Leuthardt and Wolf (45) 
had claimed the existence of both a “fructose-diphosphate al- 
dolase” and a “fructose-1-phosphate-aldolase” in muscle, but in 
a later report (35) appear to have withdrawn this claim. 


SUMMARY 


Muscle aldolase is rapidly degraded by carboxypeptidase to a 
product retaining approximately 7% of the original catalytic 
activity with fructose 1,6-diphosphate as a substrate. In con- 
trast, activity with fructose 1-phosphate as a substrate is slightly 
increased. Competition experiments indicates that the same 
active sites are responsible for catalysis with both substrates. 

Amino acid release during carboxypeptidase digestion is lim- 
ited to three moles of tyrosine per aldolase molecule, followed by 
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release of two moles of amino acid having chromatographic prop- 
erties of alanine. Activity loss is proportional to the tyrosine 
released, and the additional amino acid release does not further 
reduce the residual activity. Tyrosine groups at or near car- 
boxy-terminal ends of peptide chains thus have a vital role in 
aldolase activity. 

The residual degraded aldolase may be readily recrystallized 
without change in specific activity. The degraded aldolase is 
identical with the native aldolase as measured by ultracentrifu- 
gation, optical rotation, or rate and extent of reaction of —SH 
groups with p-mercuribenzoate. Native aldolase in acid as com- 
pared to neutral solution shows a marked difference in absorption 
in the 270 to 280 my region, probably reflecting changes in the 
environment of tyrosine and tryptophan residues. Tyrosine 
release by carboxypeptidase action is accompanied by only a 
slight change in absorption at 287 my. These various findings 
show that little or no change in gross molecular architecture ac- 
companies the degradation. The degraded aldolase is slightly 
more resistant to heat denaturation than native aldolase. 

The Michaelis constants with both fructose 1 ,6-diphosphate 
and fructose 1-phosphate are lower for degraded than for native 
aldolase. Both forms of aldolase show similar heats of activa- 
tion with fructose 1 ,6-diphosphate as a substrate. Some impli- 
cations of the findings with respect to the catalytic mechanism 
are discussed. 
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Investigations by physical methods (1-4) have indicated that 
6-lactoglobulin molecules (mol. wt., 35,400) are made up of two 
subunits of equal molecular weight. By chemical analyses, 
Fraenkel-Conrat (5, 6) and Niu and Fraenkel-Conrat (7) found 
approximately two amino-terminal leucine residues and two 
carboxy-terminal isoleucine residues per mole of 8-lactoglobulin. 
It may be inferred that each subunit of this protein consists of a 
single peptide chain. 

Enzymatic studies by Neurath et al. (8) have shown that 
carboxypeptidase removes only isoleucine and histidine from 
8-lactoglobulin. Because Fraenkel-Conrat (6) found only 
isoleucine by the hydrazinolysis method, it could be inferred that 
histidine occurs adjacent to the carboxyl-terminal isoleucine. 
A kinetic study of the enzymatic reaction should provide further 
evidence on this question. 6-Lactoglobulin is an attractive 
protein substrate for studies of carboxypeptidase because only 
two different amino acids are cleaved. 

This paper reports the kinetics of the release of isoleucine and 
histidine from 8-lactoglobulin by the action of carboxypeptidase. 
It was found that the rates are affected in an unusual manner 
by both pH and ionic strength. In preliminary experiments, 
crystalline derivatives have been prepared in which, for the most 
part, two isoleucine residues have been removed or in which two 
isoleucine and two histidine residues have been removed. 


EXPERIMENTAL 


Materials and Methods 


Carboxypeptidase was prepared by the method of Putnam 
and Neurath (9) and Neurath et al. (10) and was recrystallized 
six times. For the kinetic experiments, the crystals were dis- 
solved in 5 per cent LiCl by stirring overnight at 3°. This stock 
solution stored at 3° was used for 2 weeks without loss of activity. 
The preparation showed maximal activity toward carbobenzoxy- 
glycyl-t-phenylalanine (11). 

The 6-lactoglobulin used in the present work was prepared 
from pooled milk and represents a mixture of phenotypes (12, 
13). Lot A, which was used in the kinetic experiments, was 
prepared by the method of Aschaffenburg and Drewry (14) and 
was recrystallized three times.1_ The crystals, which had been 
dialyzed against distilled water, were stored in the presence of 
toluene. Before use a sample was dissolved by the addition of 
dilute HCl until the pH was 4.5. Five per cent solutions were 


* This investigation was supported in part by Research Grants 
RG-5303-C1 and H-3707-C1 from the United States Public Health 
Service. 

' The authors are indebted to Dr. T. L. McMeekin for providing 
seed crystals of B-lactoglobulin. 


then slowly passed over a column of Dowex 50-X8 (H+ form, 
20 to 50 mesh) to free the protein of residual traces of amino 
acids and ammonia. The final solution was adjusted to pH 7.5 
with dilute NaOH and was stored at 3°. The Dowex treatment 
was repeated if the protein solution was not free of contaminants 
as determined by the ninhydrin assay described below. 

The other preparation of 6-lactoglobulin, Lot B, was isolated 
by the procedure of Gordon and Semmett (15). After one 
recrystallization by dialysis, the product was further purified by 
passing 100 ml of a 3 per cent solution in 0.01 m ammonium 
acetate through a mixed bed ion exchange column. The column 
was 2.0 cm in diameter and was packed with Amberlite IR-120, 
H* form, mixed with Amberlite [RA-400, OH- form, to a depth 
of 20 cm. A 5-cm layer of Amberlite IR-120, H+ form, was 
always placed in the bottom of the column. All operations were 
carried out at 5° and the flow rate was 2 ml. per minute. The 
effluent solution of isoionic protein was turbid, but colorless, and 
samples had a pH of 5.20 + 0.02 when they were brought to 0.10 
M in KCl.2. The total recovery of the protein from the column 
was about 85 per cent. When the turbid effluent solutions were 
stored overnight at room temperature, 8-lactoglobulin was 
deposited as square plates. The crystals were collected and 
dissolved in 0.01 m NaCl, and the product was lyophilized and 
stored at 5°. When a sample of this material was analyzed by 
electrophoresis at pH 4.8 in 0.10 m acetate buffer, it was found 
that the ratio of the 6, component to the 8: component was 
45:55. This is in the usual range for samples from pooled 
milk (18). Dry weight and absorbancy measurements at 282 
my gave an extinction coefficient of 9.7 for a 1.0 per cent solu- 
tion of salt-free protein. 

Dowex 50-X8, 20 to 50 mesh and 200 to 400 mesh, were ob- 
tained from the Dow Chemical Company, Midland, Michigan. 
Amberlite IR-120 and IRA-400 ion exchange resins, 20 to 50 
mesh, analytical grade, were purchased from Rohm and Haas 
Company, Philadelphia, and ninhydrin and hydrindantin were 
obtained from Dougherty Chemicals, Richmond Hill, New York. 
All other chemicals were purchased commercially and were either 
chemically pure or reagent grade. 

Protein Concentrations—Protein concentrations were deter- 
mined either by the biuret procedure of Gornall et al. (19) or by 
absorbancy measurements at 282 mu when the extinction coef- 
ficient had been determined for the preparation. A solution of 
salt-free B-lactoglobulin, the concentration of which was deter- 
mined by a dry weight analysis, was used as a standard. 

2 Deionization by mixed bed ion exchange resin will remove all 
ionizable small molecules from protein solutions, including those 
bound rather tightly to the protein. Such a removal of fatty 


acids bound to serum albumin has been demonstrated by Dintzis 
(16) and Oncley and Dintzis (17). 
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Amino Acid Analyses—The enzymatic release of ninhydrin- 
positive material from 6-lactoglobulin was followed by the colori- 
metric ninhydrin method of Troll and Cannan (20); 1-ml sam- 
ples were removed from the reaction mixture at various times 
and each was added to 0.5 ml of 21 per cent trichloroacetic 
acid. After centrifugation in the cold, ninhydrin or histidine 
analyses were made with 0.5-ml aliquots of the supernatant 
solution. Histidine was determined by a modification of the 
specific method of Rosenthal and Tabor (21), with diazotized 
p-nitroaniline. The 0.5-ml aliquot, which contained 7 per cent 
trichloroacetic acid, was added to 2.0 ml of 0.4 n HCl, the 
solution was cooled to 0° in an ice bath, and 0.5 ml of cold diazo 
reagent was added, with rapid mixing. Time was noted after 
mixing. At intervals of exactly 1 minute successive additions 
of 0.2, 0.1, and 0.2 ml of 20 per cent Na,CO3 were made, with 
rapid mixing after each addition. The samples were read in a 
Klett-Summerson colorimeter with a No. 540 filter exactly 6 
minutes after the addition of the diazo reagent. Careful timing 
was required because of fading of the color. Histidine stand- 
ards containing the same amount of trichloroacetic acid were 
included in each analysis. No interference from isoleucine was 
observed. The diazo reagent was freshly prepared by mixing 
1 ml. of 4 per cent sodium nitrite with 10 ml of ice-cold 0.1 per 
cent p-nitroaniline dissolved in 0.10 N HCl. The reagent was 
kept at 0°. 

The color yield for each amino acid was known for the analy- 
sis of total amino acids by the ninhydrin method. By sub- 
tracting the amount of color attributable to histidine, as de- 
termined by the specific histidine analysis, it was possible to 
-alculate the amount of isoleucine in each sample. This calcula- 
tion was based on previous observations that the amount of 
other amino acids in typical reaction mixtures was, in general, 
not significant in comparison with isoleucine and histidine. 

Determination of Isoleucine and Histidine by Chromatography— 
In some experiments the amino acids released from 8-lactoglobu- 
lin were separated from the protein substrate by absorption on 
Dowex 50 and subsequent elution from the resin with dilute 
ammonia. The quantities were then determined by chroma- 
tography on a Dowex 50 column. In a typical experiment, 10 
ml of a reaction mixture containing 21 mg (0.6 uwmoles) of 
B-lactoglobulin per ml were mixed with 3.0 ml of packed Dowex 
50-X8, H+ (20 to 50 mesh), in a 15-ml test tube. The sample 
was shaken for 1 hour, the solution was removed with a syringe, 
and the resin was washed thoroughly with distilled water. The 
amino acids were eluted from the resin by adding three 5-ml por- 
tions of 3 N NH,OH and then two 5-ml portions of water to the 
top of the settled resin while solution was removed from the 
bottom with a syringe. The combined eluent solution was 
evaporated to dryness over sulfuric acid in a vacuum desiccator. 
The residue was dissolved in 5.0 ml of citrate buffer, pH 3.42, 
which was also used in the chromatographic analysis. 

Chromatography on Dowex 50 was patterned after the meth- 
ods of Moore and Stein (22). A column (0.9 em X 10 em) of 
Dowex 50-X8, Nat (200 to 400 mesh), was prepared in the usual 
manner. After the resin had been equilibrated with the pH 
3.42 citrate buffer of Moore and Stein, 1 or 2 ml of the sample 
to be analyzed were placed on the column and elution was begun 
with the citrate buffer. When 100 fractions (1.0 ml each) had 
been collected, the elution buffer was changed to the pH 6.80 
phosphate solution of Moore and Stein and 150 more fractions 
were collected. The fractions were analyzed for amino acids 


Carboxypeptidase and B-Lactoglobulin 


Vol. 234, No. 10 


by the usual ninhydrin method, with the use of a ninhydrin 
reagent that had been developed by Wilcox et al. (23). Isoleu- 
cine and histidine appeared as two widely separated peaks, 
From the sum of the analyses of fractions in each peak, the total 
amount of each amino acid separated from the protein solution 
could be calculated. Recovery experiments were performed by 
analyzing a solution which contained 200 mg of 8-lactoglobulin 
and 10 wmoles each of isoleucine and histidine in 10 ml. The 
recovery of isoleucine was 95 + 2 per cent and the recovery of 
histidine was 90 + 5 per cent. 

Kinetic Measurements—Kinetic measurements of the enzy- 
matic reaction were carried out at 25° in 0.025 m Veronal buffer 
at the appropriate pH. The pH of each reaction mixture con- 
taining buffer, enzyme, and substrate was determined and 
checked with a Cambridge research model pH meter. This was 
important at the extreme pH values at which the buffer capacity 
of Veronal was minimal. At these pH values the protein sub- 
strate served as an adequate buffer. All experiments were run 
in duplicate. The data presented below on the effects of pH 
and temperature represent in each case the average of six to 
nine experiments because the initial velocities showed some 
scattering. 

Preparation and Crystallization of Derivatives—In a typical 
experiment, 2.0 gm of 6-lactoglobulin, Lot B, were dissolved in 
100 ml of water containing 20 ul of diisopropylphosphoro- 
fluoridate; 20 mg of carboxypeptidase crystals dissolved in 3 
ml of 10 per cent LiCl at 0° were added and the pH was ad- 
justed to 7.6 with dilute NaOH. At the end of the reaction 
time 2 sample was taken for analysis and the remaining solution 
was adjusted to pH 5.5 with dilute HCI and dialyzed exhaustively 
against distilled water. A precipitate of carboxypeptidase was 
removed by centrifugation and the solution was lyophilized. 
The product was taken up in 30 ml of water and the remaining 
sxarboxypeptidase was removed by centrifugation. The clear 
solution was deionized by passing it through a column of mixed 
bed ion exchange resin as described for the crystallization of 
B-lactoglobulin, Lot B (see ‘“Materials’’). Upon standing, the 
turbid effluent solution deposited crystals of B-lactoglobulin de- 
rivative in a yield of 30 per cent based on the original amount of 
protein. In some cases the reaction was carried out at pH 8.7 
and with higher ratios of enzyme to substrate, either with B-lacto- 
globulin or with the derivative prepared at pH 7.6. The prod- 
ucts of the reaction at 8.7 could be isolated and crystallized by 
the methods given above. However, since the product is less 
soluble than unmodified protein, solutions of only 1.0 per cent 
were used for deionization. 

RESULTS 

The effect of pH on the release of isoleucine from 6-lactoglobu- 
lin is shown in Fig. 1. In the pH range of 6.4 to 8.4, the curve 
shows an optimum at 7.6 and is very similar to that found for 
the substrate carbobenzoxyglycyl-L-phenylalanine (11). At the 
pH optimum, the rate constant k; for the release of the first 
isoleucine residue from 6-lactoglobulin is 0.07 moles per minute 
per liter per mg of enzyme N per ml (u = 0.02). The corre- 
sponding rate constant for the hydrolysis of the synthetic peptide 
is 2.1 (u = 0.20) (11). Above pH 8.4, the rate for B-lactoglobu- 


lin hydrolysis increased and exhibited a change in reaction 
kinetics in contrast to the decreased rate observed with synthetic 
peptide substrates. 

A time curve for the release of histidine and total ninhydrin- 








Oct 


posi 
At 
leas 
min 
titi 
at 
per’ 
to t 
tior 
oth 
first 
net: 
cen 
sub 
per 
pea 
cles 
dro 
For 
cen 
sub 
B-le 
7 
as 
Thi 
val 
det 
thi 
mo 
sul 
7 
cor 
his 
we 
rel 
hig 
wa 
wa 
ap] 


gle 
tra 


180 








0. 10 


ydrin 
oleu- 
eaks, 
total 
ution 
d by 
i ulin 

The 


ry of 


enzy- 
ouffer 
' COon- 

and 
S was 
acity 
| Sub- 
e run 
f pH 
ix to 
some 


ypical 
red in 
yhoro- 
in 3 
is ad- 
action 
lution 
tively 
e was 
ilized. 
aining 
clear 
mixed 
ion of 
g, the 
in de- 
unt of 
yH_ 8.7 
-lacto- 
prod- 
ed by 
is less 
r cent 


globu- 
curve 
nd for 
At the 
e first 
ninute 
corre- 
eptide 
globu- 
action 
ithetic 


ydrin- 








October 1959 


positive material (histidine plus isoleucine) is shown in Fig. 2. 
At pH 7.6, approximately 2 equivalents of isoleucine were re- 
Jeased per mole of 6-lactoglobulin, the first coming off in 7 to 8 
minutes and 5 to 6 times faster than the second. Small quan- 
tities of histidine were released after a lag period and at a rate 
at least 3 times slower than the second isoleucine. The lag 
period indicates that the histidines occupy a position adjacent 
to the terminal isoleucines. Paper chromatography of the reac- 
tion products after 40 minutes indicates that traces of several 
other amino acids also appear. At pH 7.6, the release of the 
first equivalent of isoleucine follows essentially zero order ki- 
netics. This was demonstrated by varying the substrate con- 
centration from 10 mg to 1 mg per ml. In this small range of 
substrate concentration, initial rates were identical within ex- 
perimental error. The release of the second isoleucine also ap- 
peared to follow zero order kinetics although the data did not 
clearly establish this point. At pH 9.2 the simultaneous hy- 
drolysis of two isoleucine residues followed first order kinetics. 
For the first order plot, shown in Fig. 3, the initial substrate con- 
centration do is twice the molar concentration of the protein 
substrate since 2 moles of isoleucine are available per mole of 
8-lactoglobulin substrate. 

The sensitivity of the ninhydrin method did not readily permit 
a study of substrate concentrations lower than 1 mg per ml. 
Thus, the determination of K, at pH 7.6 was not feasible. Its 
value, however, is less than 5 X 10-5 moles per |. A, was not 
determined at pH 9.2 because substrate inhibition occurred at 
this pH. However, the constant must be larger than 5 x 10-4 
moles per liter since the reaction was first order at this initial 
substrate concentration. 

The liberation of histidine was studied with higher enzyme 
concentrations. Fig. 4 shows time curves for the release of 
histidine at pH 7.6 and 9.2. At pH 7.6 the two histidine residues 
were hydrolyzed in separate steps. The first equivalent was 
released before the second and 5 to 6 times faster. At this 
higher enzyme concentration no lag period for histidine release 
was observed, indicating that the carboxyl-terminal isoleucine 
was freed almost instantaneously. At pH 9.2 the two histidines 
appeared to be enzymatically equivalent. The curve reaches a 

















40 T 1 T 
> 
= 
© 30F 7 
S 
uJ 
> 20+ 4 
ad 
a 
- lOr . 
% 
64 70 76 82 88 94 


pH 


Fic. 1. Effect of pH on the release of isoleucine from 8-lacto- 
globulin by carboxypeptidase. Enzyme and substrate concen- 
trations were 0.00125 mg per ml and 5.0 mg (0.14 umole) per ml, 
respectively. The units of initial velocity are umoles X 10~* of 
isoleucine released per ml in 2 minutes. » = 0.02. 
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Fic. 2. Time curve showing the hydrolysis of 6-lactoglobulin 
by carboxypeptidase at pH 7.6. A——A represents histidine and 
@——®@ represents total amino acids (histidine plus isoleucine) 
in 1 ml of solution. ---- is the isoleucine calculated from the 
total amino acids minus the histidine. The enzyme and substrate 
concentrations were 0.00125 mg per ml and 5.0 mg (0.14 umole) 
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Fic. 3. First order reaction plot of the release of the two equiv- 
alents of isoleucine from 6-lactoglobulin by carboxypeptidase at 
pH 9.2. dp is the initial concentration of substrate and a is the 
concentration of substrate at each time during the reaction. The 
enzyme and substrate concentrations were 0.00125 mg protein 
per ml and 10 mg protein per ml, respectively. » = 0.02. 


plateau at 1.7 equivalents of histidine per mole of 8-lactoglobulin 
(mol. wt., 35,400). When the histidine release at pH 9.2 is 
plotted according to first order kinetics, the plot deviates from 
the course expected for a first order reaction. This deviation 
probably reflects the fact that histidine release is not stoichio- 
metric; also there may be some interference from the terminal 
isoleucine initially present. 

Effect of Ionic Strength—The rate of hydrolysis of peptide sub- 
strates by carboxypeptidase is known to be sensitive to ionic 
strength (24). Fig. 5 shows the change in the rate of hydrolysis 
of isoleucine from 8-lactoglobulin as the ionic strength is increased 
by addition of LiCl at pH 7.6. In contrast to the hydrolysis of 
synthetic substrates, the liberation of isoleucine from B-lacto- 


globulin is markedly inhibited by salts. The inhibition ap- 
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Fia. 4. Time curves showing the release of histidine from 6-lac- 
toglobulin by carboxypeptidase. @——@ and O——O refer to 
the amount of histidine in 1 ml at pH 9.2 and 7.6, respectively. 
The enzyme and substrate concentrations were 0.050 mg per ml 
and 5.0 mg (0.14 umole) per ml, respectively. » = 0.02. (uM = 
pmoles). 
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Fia. 5. Effect of ionic strength at pH 7.6 on the release of iso- 
leucine from 8-lactoglobulin by carboxypeptidase. Enzyme and 
substrate concentrations were 0.00125 mg protein per ml and 5 
mg protein per ml, respectively. Included for comparative pur- 
poses are similar data of Lumry et al. (24) for the hydrolysis of 
0.020 m carbobenzoxyglycyl-L-tryptophan, @——-@ and O——O 
refer to 6-lactoglobulin and carbobenzoxy-L-tryptophan, respec- 
tively. 


proaches 100 per cent at 0.20 ionic strength. Similar results 
were obtained when the ionic strength was increased with other 
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monovalent salts. For comparative purposes, included in Fig. 5 
is a portion of the data of Lumry et al. (24), showing the opposite 
effect for the substrate carbobenzoxyglycyl-L-tryptophan. This 
effect was confirmed in the course of the present work. 

Effect of Temperature—The hydrolysis of the first equivalent of 
isoleucine at pH 7.6 was studied as a function of temperature in 
the range of 10-37°. The theory of absolute reaction rates (25) 
states that: 


k _ -AH* | as* |’ 
T° RT Sit 





where k is the reaction rate constant, T is the absolute tempera- 
ture, AH* and AS* are the heat and entropy of activation, re- 
spectively, R is the gas constant, k’ is Boltzmann’s constant, and 
h is Planck’s constant. The transmission coefficient is assumed 
to be unity. This equation predicts a linear plot of In (k/T) 
versus (1/T’) with a slope of —AH*/R. Such a plot is shown in 





T 


-3.0 - 





=| . 
=| -40+ x ; 
‘\ 
s > - 
-5.0 | = 








32 33 34 35 36 
re 3 
X 
7 X10 


Fia. 6. Plot of In k/T as a function of 1/T for the hydrolytic 


split of isoleucine from B-lactoglobulin by carboxypeptidase at 
pH 7.6. 


TABLE | 


Free amino acids found in reaction miztures of B-lactoglobulin (or 
derivatives) and carboxypeptidase as determined by ion 
exchange chromatography 


| 
Equivalents of amino 
acid per mole of 


Reac- substrate 
tion Substrate pH Time = 
No. | se 
Isoleu- | Histi- Others 
| cine | dine . 
hr 
1 B-Lactoglobulin 7.6 | 4.0 | 1.82 | 0.27 
2 Crystalline fraction | 8.7 | 7.0 1.29 | 0.4 
from Reaction 1 
3 Noncrystalline fraction) 8.7 | 7.5 0.42 | 0.7 
from Reaction 1 
4 8-Lactoglobulin 7.6 4.5 | 1.75 | 0.18 
5 | Total product of Re-| 8.7 | 7.5 | 0.10| 1.37] 0.1 


action 4* 


* Crystalline plus nonerystalline fractions. 
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Fig. 6. From these data, AH* is found to be +12.8 kg. calories 
per mole of isoleucine hydrolyzed. Additional calculations as- 
suming one active site per molecule of carboxypeptidase give 
values of +16.2 kg calories per mole at 25° for the free energy of 
activation, AF*, and —11.3 entropy units for AS*. These re- 
sults are similar to those obtained for the hydrolysis of synthetic 
substrates by various proteolytic enzymes (26). 

Analysis by Chromatography and Crystallization of Products— 
The analyses of five reaction mixtures are presented in Table I 
and typical chromatographic patterns are shown in Fig. 7 for 
Reactions 4 and 5. For reactions at pH 7.6 the concentration 
of substrate was about 20 mg per ml and the concentration of 


enzyme was 0.2 mg per ml. At pH 8.7 the concentrations were 
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Fig. 7. Amino acids separated from reaction mixtures of B-lac- 
toglobulin and carboxypeptidase. Chromatographic analysis on 
columns of Dowex 50-X8. Optical density at 570 my is plotted on 
the ordinate for each effluent fraction after treatment with nin- 
hydrin reagent. All optical densities have been corrected for base 
line absorption. Reaction conditions: (a) B-lactoglobulin, 16.9 
mg per ml, carboxypeptidase, 0.20 mg per ml; pH 7.6, ionic 
strength 0.10, 25°, 4.5 hours. (6) B-lactoglobulin derivative from 
(a), 9.7 mg per ml; carboxypeptidase, 0.6 mg per ml; pH 8.7, 
jonic strength 0.2, 25°, 7.5 hours. 
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9 mg per ml and 0.6 mg per ml, respectively. It should be 
emphasized that in all of these experiments the ionic strength 
was between 0.1 and 0.2. When the effect of ionic strength is 
taken into account, the analytical data from the preparative 
experiments are consistent with the results of the kinetic experi- 
ments. 

Chromatograms for reactions at pH 7.6 showed peaks only 
at the positions of isoleucine and histidine. The chromatograms 
of reactions at pH 8.7 always showed small amounts of other 
amino acids, mostly those which are eluted before isoleucine. 

The analytical values in Table I are not corrected for losses in 
the recovery of amino acids from the reaction mixtures. When 
such a correction is made according to the results of the control 
analyses, the maximal amount of isoleucine hydrolyzed from the 
protein is found to be somewhat more than 1.9 equivalents per 
mole, and histidine, about 1.7 equivalents per mole. 

Crystalline products were prepared from Reactions 1, 2, and 
3. Fig. 8 shows a photomicrograph of crystals from Reaction 1. 
The crystal habit is quite different from that of 6-lactoglobulin 
under the same conditions of crystallization. The native protein 
from pooled milk usually crystallizes as rectangular plates (27). 


DISCUSSION 


The stepwise release from 8-lactoglobulin of two isoleucine and 
subsequently two histidine residues at pH 7.6 suggests that the 
availability of the two chains to carboxypeptidase attack is not 
the same at this pH. The other possibility is that the individual 
B, and 82 molecules present in about equimolar amounts are 
attacked at a different rate by the enzyme, i.e. phenotype 1 
may be hydrolyzed 5 to 6 times faster than phenotype 2. At pH 
9.2 the two chains are attacked more rapidly than at pH 7.6 and 
appear to be equivalent, the release of both isoleucines following 
first order kinetics. 





Fic. 8. Photomicrograph of erystals of 8-lactoglobulin from which two equivalents of isoleucine per mole have been removed 


by carboxypeptidase. 
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In contrast to the 8-lactoglobulin substrate, the pH curve for 
hydrolysis of synthetic peptides rapidly falls off at pH 9 (26). 
Thus, the increased rate and change in kinetics that occur in the 
present case above pH 8.4 may be attributed to a change in the 
protein substrate. 

It is pertinent to compare the conditions of the kinetic experi- 
ments with conditions under which configurational changes and 
denaturation of B-lactoglobulin have been studied. Groves et al. 
(28) have investigated alkaline denaturation as measured by 
optical rotation and insolubility at the isoelectric point. The 
specific levorotation of the protein shows instantaneous but small 
increases of a few degrees when the pH is increased from 7 to 9, 
suggesting a reversible change in secondary structure which pre- 
cedes the slower and more extensive change associated with 
alkaline denaturation. Denaturation at pH 9, however, requires 
much longer time intervals than the elapsed times of the enzy- 
matic experiments. It is probable that short exposure to alkaline 
conditions in the present case involves merely a limited and 
reversible change in the protein. This view is supported by the 
ease with which 8-lactoglobulin itself and derivatives prepared 
with carboxypeptidase may be crystallized after short exposure 
to pH 9 and 25°. 

The structural change in the protein substrate results not only 
in an increase in the rate of hydrolysis but also changes the 
kinetics from zero order to first order. At pH 7.6, it appears 
that the enzyme has a high affinity for the substrate and the 
decomposition of the complex is rate-limiting. At pH 9.2 the 
affinity is less but the specific rate constant for the decomposition 
of the complex into products is much larger than at pH 7.6; 
therefore, the formation of the complex is rate-limiting. The 
possibility must also be considered that product inhibition oc- 
curs at pH 9.2 but not at 7.6 since this phenomenon is known 
for synthetic substrates (29). 

The homogeneity of 6-lactoglobulin has been examined by 
many workers (18, 30-34). Recent evidence (35, 36) indicates 
that even the separate 8; and 82 phenotypes are not homogeneous 
when subjected to rigorous physical examination. Since stoi- 
chiometric amounts of carboxyl-terminal and amino-terminal 
acids are obtained from 8-lactoglobulin of pooled milk, it appears 
that the observed heterogeneity is due to a change in the amino 
acid sequence at some position in the peptide chain other than 
the terminal residues. The known phenotypes, likewise, do not 
differ in the histidine residue next to the carboxyl-terminal iso- 
leucine, although the present experiments do not exclude com- 
ponents in small amounts which differ in this penultimate posi- 
tion. 

The inverse relationship between the effects of ionic strength 
on hydrolysis of a protein substrate and on hydrolysis of a syn- 
thetic peptide (Fig. 5) calls for further study. Inhibition by salt 
was not appreciated when the preliminary experiments on prep- 
aration of crystalline derivatives were performed. A comparison 
of Table I and Figs. 2, 4, and 5 will show that optimal conditions 
were not used. If ionic strengths of less than 0.05 were main- 
tained, only 1 hour should be required to remove all carboxy]- 
terminal isoleucine but less than 0.1 equivalent of histidine from 
B-lactoglobulin at pH 7.6 and a ratio of enzyme to substrate of 
1:2000. At low ionic strength, 2 equivalents of isoleucine and 
2 equivalents of histidine should be removed in 4 hours at pH 
9.2 and a ratio of enzyme to substrate of 1:100. In this regard 


it should be noted that a crystalline derivative was observed at 
Data for this experi- 


the end of a kinetic experiment at pH 9.2. 
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ment appear in Fig. 4. Crystals appeared when the pH was 
lowered to about 5 after the last sample had been taken for 
analysis at 400 minutes. 


SUMMARY 


The kinetics of the release of isoleucine and histidine from 
B-lactoglobulin by carboxypeptidase have been studied. Two 
equivalents of carboxyl-terminal isoleucine per mole of substrate 
are released stepwise at pH 7.6 and simultaneously at pH 9.2. 
At the lower pH the release of the first equivalent follows zero 
order kinetics, whereas at the higher pH both equivalents are 
released according to first order kinetics. The enzyme also 
cleaves histidine from the protein, but at a much slower rate, 
At high enzyme concentrations, the histidine residues are also 
released stepwise at pH 7.6 and simultaneously at pH 9.2. The 
kinetic data are consistent with the view that the histidine resi- 
dues are adjacent to the terminal isoleucine. Possible explana- 
tions for the change of kinetics in terms of a change in the protein 
structure are presented. The values of the energetic constants, 
AF*, AH*, and AS*, for the release of isoleucine at pH 7.6 are 
similar to the values for the hydrolysis of synthetic peptide sub- 
strates. Enzymatic attack on the protein is progressively in- 
hibited by increasing ionic strength in marked contrast to the 
hydrolysis of synthetic peptides. 

The derivatives of 6-lactoglobulin from which the two car- 
boxyl-terminal isoleucine residues had been removed have been 
obtained in crystalline form. Likewise, the derivative lacking 
two isoleucine and two histidine residues has been crystallized. 
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There is abundant chemical (1) and morphological (2-4) 
evidence which suggests that the bulk of the ribonucleic acid of 
rat liver is concentrated in discrete particles that occur as- 
sociated with the membranes of the endoplasmic reticulum. 
Studies both in vivo and in vitro have indicated that labeled 
amino acids are incorporated into the proteins of these particles 
at more rapid rates than into other proteins of liver (5, 6). 
Ultracentrifugal and electrophoretic analyses have revealed the 
existence of several classes of ribonucleoprotein particles which 
are interconvertible by means of suitable changes in the ionic 
environment (7). When these particles are isolated and ex- 
amined under the same conditions, however, the relative propor- 
tions of the several components are found to depend character- 
istically upon variations in the metabolic state of the animals 
from which they are obtained (1, 8-10); this suggests the presence 
of ribonucleoprotein particles of varying degrees of stability (7). 
Methods have not yet been perfected for obtaining individual, 
homogeneous components from the nucleic acid and protein 
moieties which comprise the particles. However, the possibility 
that the ribonucleoprotein particles participate in steps leading 
to protein synthesis seemed to justify an investigation of their 
over-all amino acid composition. The present study has re- 
vealed that there exists a high proportion of basic amino acids 
in the protein of the ribonucleoprotein particles. 


EXPERIMENTAL 


Ribonucleoprotein Particles—Two independent specimens of 
RNP’ particles, prepared about a year apart, were studied. 
Both were obtained from the livers of adult male Wistar rats. 
Preparation 1 was obtained as previously described (11), except 
that the particles were washed by three sedimentations from a 
buffer which was 0.0005 m with respect to KH2PO;, K2HPO,, 
and MgCl, (7), rather than by sedimentation from a solution 
containing liver dialysate. Upon ultracentrifugation in 0.1 m 
NaHCO; containing 0.0004 m K:HPO., KH2PO;, and MgCl, 
Preparation 1 showed chiefly component B (83 8), with traces of 
faster and slower components. Electrophoretic patterns of 
Preparation 1 in 0.02 Mm NaHCO; (containing the phosphate- 
magnesium-chloride buffer) at pH 8.2 resembled those shown 
earlier (cf. Fig. 1, bottom row (11)). Ferritin was present to the 


* These studies were supported by Public Health Service 
Grant RG-4801 of the National Institutes of Health, and by Grant 
CY-3190 of the National Cancer Institute, National Institutes of 
Health, United States Public Health Service. 

+ Scholar in Medical Science of the John and Mary R. Markle 
Foundation. 

1 The abbreviation used is: RNP, ribonucleoprotein. 


extent of 4 per cent. The protein moiety of Preparation 1 was 
obtained by extracting 65 mg of nucleoprotein particles with 5 
per cent trichloroacetic acid, twice at 90° and once at room 
temperature. The resulting precipitate was air dried after being 
washed with 55 per cent ethanol and 95 per cent ethanol. The 
tough, resinous product weighed about 50 mg and contained a 
considerable amount of trichloroacetic acid. 

Preparation 2 was obtained as described previously (7). 
Ultracentrifugal analysis of Preparation 2 showed chiefly com- 
ponent B (83 S), with a small amount of A (1108). Electro- 
phoretic patterns of Preparation 2 after dialysis against 0.1 
KHCO; and 0.002 m MgCl: (pH 8.2) showed 3 per cent of a 
component with a mobility slower than that of the main com- 
ponent. Since most of the ferritin was removed when the 
product was precipitated by Ba(OAc). (7), this slow component 
may represent protein released from the main component during 
dialysis. Ribonucleic acid was removed from about 90 mg of 
Preparation 2 by extracting the particles twice with 10 per cent 
trichloroacetic acid in the cold and four times with 5 per cent 
trichloroacetic acid at 90°. The resulting precipitate was sus- 
pended in 20 volumes of 95 per cent ethanol, which was then 
adjusted to pH 7 by the careful addition of n NaOH. The 
sediment obtained upon centrifugation was washed twice with 
10-ml portions of acetone, and after drying over night at 60°, 
yielded 50 mg of a fine powder. 

Amino Acid Analyses—After drying at 60 or 100° for 6 hours 
at 0.1 mm Hg over P:0s;, 5- to 10-mg aliquots of the proteins 
isolated from the RNP particles were weighed into tubes suitable 
for hydrolysis. The proteins were hydrolyzed in 6 Nn HCl and 
samples prepared for chromatography by the procedures de- 
scribed by Hirs et al. (12). The hydrolysis was conducted at a 
temperature of 111° by placing the sealed Pyrex tubes in metal 
cylinders which were placed in an oil bath submerged in boiling 
toluene.2 The amino acid compositions of the 6 n HCI hy- 
drolysates were determined by quantitative photometric ninhy- 
drin analyses (13) of fractions collected after chromatographic 
analyses performed by the procedures of Moore et al. (14). The 
resin® that was used for these experiments consisted of the upper 
one-third of the material that settled under gravity from a 1:1 
slurry in 0.2 n sodium citrate, pH 5, after the resin had been 
screened through a 325 mesh sieve as prescribed for Dowex 

2 J-4953X thermostatic reaction flask, Scientific Glass Appa- 
ratus Company, Bloomfield, New Jersey. 

3 We are indebted to Mr. Richard Hetherington, Rohm and 
Haas Company, Philadelphia, Pennsylvania, for providing the 
Type II CG-120 resin, Lot No. 4517 (finely ground IR-120) em- 
ployed for these analyses. 
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50-X8 (15). The basic amino acids were eluted from an 0.9 x 
30 em column of the resin with 0.4 N sodium citrate, pH 5.25, 
at 50°. This modification provides a baseline of several frac- 
tions between the neutral amino acids and phenylalanine plus 
tyrosine, as well as between lysine, histidine, and ammonia; base- 
line follows arginine at about 225 effluent ml. 

The tryptophan content of Ba(OH): hydrolysates, prepared in 
evacuated sealed tubes (16), was estimated after chromatography 
on 0.9 X 30 cm. columns of potato starch, with 0.1 Nn HCl as 
eluent (17). For the estimation of cysteic acid, performic acid 
oxidation, hydrolysis, and chromatography on Dowex 2 were 
performed as described by Schram et al. (18). 


RESULTS AND DISCUSSION 

The amino acid compositions of the proteins of the two prepara- 
tions of RNP particles are shown in Table I. For the sake of 
brevity, the compositions calculated from all chromatographic 
analyses have been combined for each of the preparations. The 
figures are based on single complete analyses of Preparation 1 
after 22 and 70 hours of hydrolysis by 6 N HCl and on single 
complete analyses of Preparation 2 after 22, 23, and 704 hours 
of hydrolysis. Unless indicated otherwise, the figures given are 
the averages of the values found after the different times of 
hydrolysis; the values agreed in most cases within 3 per cent. 
As indicated, however, some of the figures given were calculated 
by extrapolation to zero time, or were based upon the analysis 
after hydrolysis for the longer time. Differences between the 
two preparations may be regarded as significant when they 
exceed 9 per cent of the values found, which occurred in the case 
of valine, serine, tyrosine, and ammonia. These differences, 
which in no case exceeded 15 per cent, most probably were related 
to the use of two methods of preparation, which might be ex- 
pected to afford mixtures of slightly different composition. 
Nevertheless, it is clear that the mixtures from both preparations 
contain predominantly basic proteins. The figures for total 
basic residues plus amide ammonia, less total acid residues for 
Preparations 1 and 2, respectively, are 7.7 and 9.0 moles per 100 
moles of recovered amino acids. For the purpose of comparison, 
a corresponding figure of 5.6 was calculated for ribonuclease, 
which may be regarded as a typical basic protein (12). 

The compositions of proteins from rat liver RNP particles 
summarized in Table I are similar to the analyses of RNP 
particles from rabbit reticulocytes and pea seedlings reported 
by Ts’o et al. (19). The present results confirm the prediction 
of these authors that proteins from still other RNP particles 
might also be found to contain relatively large amounts of basic 
amino acids. 

It is possible that the basicity and the low content of cystine 
of the proteins of the RNP particles may be significant factors 
in determining the structural organization of the original nucleo- 
protein particles, just as these same properties of histones and 
protamines account for certain structural features of deoxy- 
ribonucleoproteins (20). Additional points of similarity be- 
tween histones and the protein moiety of the RNP particles of 
rat liver include a low content of tryptophan, a low molecular 
weight and a tendency to aggregate in solution. It remains to 

‘It has been possible to isolate the proteins in a soluble form 
by moving boundary electrophoresis after prolonged dialysis (3 
weeks at 5°) of the RNP particles against phosphate buffer at pH 
10.5 and ionic strength 0.2 (21). In dilute solution the isolated 
proteins had a sedimentation coefficient of 2 8S, whereas they 
underwent extensive aggregation in more concentrated solutions. 
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TABLE I 
Amino acid composition of proteins from ribonucleoprotein 
particles of rat liver 
The methods of preparation are described in the text. The 
figures refer to N as per cent of the total N that was recovered as 
amino acids and ammonia. 





| Preparation 2° 


Amino acid | Preparation 1* 
| 








5.97 


Aspartic acid. . : 5.57 
Glutamic acid . ne 6.46 | 6.13 
Glycine........ ey ey 5.38 5.33 
MN, stata = cds 6.05 5.92 
SP eer 4.87 5.51¢ 
Leucine. . | 6.63 | 6.07 
Isoleucine.............. 3.72 | 3.40 
Serine?.... oe | 3.89 3.35 
Threonine ee 3.71 3.49 
Cystine/2. 0.69° trace 
Methionine’ ; : 1.55 1.48 
Proline. 3.61 3.41 
Phenylalanine . 2.76 2.63 
Tyrosine..... | 2.35 2.02 
Histidine 4.61 4.93 
Lysine. . 12.79 13.3 
Arginine . 19.6 20.8 
Amide NH;4 5.49 4.85 
Tryptophan h 1.04 
Cysteie acid A 0.74 
Total | (100) 


| (100) 


* Calculated from determinations of the amino acids present in 
6 n HCl hydrolysates of the proteins after 22 and 70 hours of hy- 
drolysis as described in ‘‘Experimental.’’ 

» Calculated from determinations of the amino acids present in 
6 n HCl hydrolysates of the proteins after 22, 23, and 704 hours of 
hydrolysis, and of the cysteic acid and tryptophan present in 
independent hydrolysates. The procedures used for preparation 
and analysis of the hydrolysates are described in the experimental 
section. A deliberate search at 440 mu over the appropriate re- 
gion of the chromatogram failed to detect hydroxyproline when 
a 6 N HCl hydrolysate derived from 3 mg of this preparation was 
chromatographed. 

¢ Based on the valine present in the 70}-hour hydrolysate. The 

alue for the 23-hour hydrolysate was lower by 6.4 per cent. 

4—_xtrapolated values (cf. (12)). 

¢The cystine contents of the 22- and 70-hour hydrolysates 
agreed within 7 per cent, despite the fact that the original prep- 
aration of nucleoprotein particles contained ferritin, the iron of 
which was expected to facilitate the decomposition of cystine 
during acid hydrolysis. 

4 The values for methionine include a 5 per cent correction for 
losses on the column (14). 

? Based on the lysine present in the 70-hour hydrolysate. The 
value for the 22-hour hydrolysate was 8.5 per cent less, possibly 
indicating the presence of peptides of lysine resistant to hydroly- 
sis. The peak for lysine obtained upon chromatography of the 
22-hour hydrolysate exhibited a slight shoulder on the downward 
side, while the peak for lysine obtained upon chromatography of 
the 70-hour hydrolysate was perfectly symmetrical. This effect 
was not apparent in the hydrolysates of Preparation 2. 

h Semiquantitative analyses indicated that tryptophan and 
cysteic acid were present in appropriate hydrolysates of Prepara- 
tion 1 in about the same amounts as found for Preparation 2. 


be established whether these similarities are mere coincidence, 
or whether they reflect structural or metabolic relationships be- 
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tween the histones of the nucleus and the proteins of the RNP 
particles. 

The present results certainly do not exclude the possibility 
that typical acidic proteins compose a portion of the RNP 
particles. In this connection, it is important to emphasize that 
ribonucleic acid does not always occur associated with basic 
proteins. Although tropomyosin, the protein moiety of nucleo- 
tropomyosin, contains a relatively large amount of lysine and 
arginine, it exhibits a globulin-like solubility and contains far 
more unamidated aspartic plus glutamic acid than do the proteins 
from RNP particles discussed above (22). Moreover, the pro- 
teins associated with ribonucleic acid in plant viruses, such as 
tobacco mosaic (23) and turnip yellow mosaic (24), are not pre- 
dominantly basic. 

The possibility that a portion of the protein examined in the 
experiments presented here becomes associated with ribonucleic 
acid secondarily during extraction is rendered less likely by the 
consideration that entities corresponding morphologically to the 
particles which have been characterized electrophoretically and 
ultracentrifugally are identifiable in cells before extraction (2-4). 
Moreover, the fact that RNP particles of microsomal origin have 
a fairly consistent ratio of protein to ribonucleic acid, regardless 
of the method of isolation (25, 4, 11, 26), strongly suggests that 
the protein and nucleic acid are not combined fortuitously. On 
the other hand, the analyses reported here refer only to proteins 
that do accompany the RNP particles, and that remain insoluble 
during the extraction by trichloroacetic acid.' In this regard, 
it may be recalled that some histones are dissociated from 
deoxyribonucleohistones much more readily than others (27, 
28). Under certain conditions, moreover, some histones appear 
to be soluble in trichloroacetic acid (27). 

The present results show that the proteins associated with 
ribonucleic acid in the RNP particles of rat liver do not have the 
over-all amino acid composition of ‘‘typical’’ proteins which are 
synthesized in the liver, such as serum albumin, or of total liver 
protein (29). Thus, if the rapid incorporation of labeled amino 
acids into the particles in vivo and in vitro is a reflection of pro- 
tein synthesis (5, 6), the protein that is synthesized must not 
remain permanently associated with the particles. The same 
conclusion, discussed in a recent review by Crick (30), has al- 
ready been reached from a consideration of the fact that the 
extent of incorporation of amino acids into the particles reaches 
a saturation limit rather rapidly (5, 6). Since the bulk of the 
proteins associated with RNP particles is not chiefly the product 
of synthesis of the particles, it seems possible that these proteins 
contribute to the specificity of templates such as have been 
postulated to control the specific sequence of amino acids in 
proteins (for a review of this problem see (31)). 


5 The hot trichloroacetic acid extract from Preparation 2, con- 
taining the ribonucleic acid, was analyzed for amino acids by Miss 
Pauline Pecora in Dr. Earl Balis’ laboratory. After hydrolysis 
with 6 N HCI no ninhydrin positive material could be detected. 
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SUMMARY 


Quantitative amino acid determinations have revealed that 
the proteins from purified ribonucleoprotein particles of rat liver 
contain a high proportion of basic amino acids and only very 
small amounts of cystine and tryptophan. The significance of 
this observation has been discussed. 
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The serum proteins designated as y-globulins include all 
proteins of the slowest moving of the several major protein 
groups seen on serum electrophoresis conducted at alkaline pH 
(2). Among the y-globulins of normal serum are proteins of 
differing electrophoretic mobility (3, 4), proteins with sedimenta- 
tion coefficients of 6.6 S and 18 S in the ultracentrifuge (2, 3, 5, 
6), many individual antibodies (5, 7), and the isohemagglutinins 
(8). In disease states, within the y-globulins are also found the 
relatively specific serum properties identified in rheumatoid 
arthritis (9), Hashimoto’s thyroiditis (10, 11), lupus erythema- 
tosus (12), cold hemagglutination syndrome (13, 14), multiple 
myeloma (15, 16), macroglobulinemia (17) and cryoglobulinemia 
(18). 

Study of the y-globulins has been handicapped by the poor 
resolution of fractionation procedures and the amount of material 
or effort required to carry out each separation. The introduc- 
tion by Peterson and Sober (19) of substituted cellulose ion 
exchangers with a high protein-binding capacity offered an 
opportunity to fractionate and characterize the ~y-globulins. 
Previous studies utilizing whole serum have demonstrated the 
capacity of anion exchange cellulose chromatography to separate 
the y-globulins into a number of regions of differing electro- 
phoretic mobility (20, 21). However, with whole serum as a 
starting material, many of the chromatogram fractions contain- 
ing y-globulins also included large amounts of other serum 
proteins. 

In the present work the y-globulins were first separated from 
whole serum by electrophoretic techniques and subsequently 
subfractionated by anion exchange cellulose chromatography. 
The y-globulin subfractions thus obtained have been charac- 
terized electrophoretically, ultracentrifugally, immunochemically, 
and by measurement of the hexose content. The findings 
demonstrate that the y-globulins are a heterogeneous group of 
proteins with differing physicochemical and immunological 
properties, and that anion exchange cellulose chromatography 
is a useful means of subdividing the y-globulins. 


EXPERIMENTAL 


Materials and Methods 


Blood samples were obtained in the morning from fasting 
subjects and the serum separated after several hours at room 
temperature. Serum was used immediately or frozen for future 
use. Individual normal sera, as well as pools of three normal 
sera, were utilized. Ten donors, in current good health and with 


* A preliminary report of this study has been published (1). 
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no history or evidence of hepatic disease, contributed the sera 
utilized in these studies. Each serum was normal by analytical 
electrophoresis and ultracentrifugation. 

Protein and hexose determinations and analytical paper 
electrophoresis were performed on whole serum and protein 
fractions as described previously (21). When necessary, dilute 
y-globulin solutions were dialyzed at 5° against phosphate- 
buffered saline (1 volume of 0.15 mM sodium phosphate pH 8.0:9 
volumes of 0.14 m NaCl). 

Analytical ultracentrifugation was performed in a Spinco 
model E ultracentrifuge at 59,780 r.p.m. Samples were dialyzed 
thoroughly against 0.14 m NaCl before analysis. All experi- 
mentally observed sedimentation coefficients were corrected to 
a water basis at 20° (se0, ~) and are expressed as Svedberg units 
of sedimentation, 8S = 10-" cm per second per unit field of force. 

Antisera to normal y-globulin were produced by subcutaneous 
or intramuscular injection of rabbits with 5 mg of whole y- 
globulin obtained by preparative electrophoresis, as described 
below, plus Freund’s adjuvant and a similar injection 2 weeks 
later. After another 2 weeks, removal of 40 ml of blood by 
cardiac puncture was followed by intramuscular injection of 5 
mg of y-globulin. Similar blood removals and booster immuni- 
zations were performed at weekly intervals until each rabbit 
was killed. All antisera samples were tested by gel-diffusion 
techniques (22) against y-globulin and whole serum to deter- 
mine qualitative antibody composition and by precipitin proce- 
dures (23) to determine potency. 

Gel-diffusion (Ouchterlony) plates were prepared as described 
by O’Connor (24). Samples, 0.1 ml, were applied to each cup 
and diffusion allowed to proceed at room temperature or at 4°. 
When the cups were almost empty, another 0.1 ml of solution 
was added. Reaction was usually complete in 48 to 72 hours, 
at which time photographs were obtained. 

Preparative Electrophoresis—The ~y-globulins (also referred to 
as whole y-globulins) were separated from serum by electro- 
phoretic techniques. Zone electrophoresis on polyvinyl blocks 
was conducted by procedures modified from those suggested by 
Miiller-Eberhard and Kunkel (4). A trough, 20 x 6 X 2.5 cm, 
was lined with parafilm and moistened wicks of Telfa' placed at 
its ends. A mixture of 65 g of polyviny! particles? and 65 ml 
of sodium diethylbarbiturate buffer, pH 8.6 and ionic strength 
0.075, was poured into a trough. Excess fluid was removed from 
the block by touching the wicks to a towel. A 5.0 x 0.2-cm 

1Telfa gauze, Bauer and Black Company, Englewood, New 


Jersey. 
2 Geon, Goodrich Chemical Company, Akron, Ohio. 





2646 


ZONE (BLOCK) ELECTROPHORESIS 





8 NORMAL SERUM #12 





y-Globulin Fractionation 





PROTEIN DISTRIBUTION (mg./ block section) 


BLOCK SECTION NUMBER 


Fig. 1. Zone (block) electrophoresis of normal human serum. 
Electrophoresis of 1.5 ml of serum was carried out on polyvinyl 
particle blocks in barbiturate buffer, pH 8.6, as described in 
“‘Methods.”’ Cuts of the block, 1 em, were eluted and the protein 
content determined by biuret procedures. 


GAMMA GLOBULIN CHROMATOGRAPHIC 
FRACTIONATION 
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Fig. 2. Anion exchange chromatography of normal human 
y-globulin. The total volume of effluent (150 ml) was collected 
in approximately 40 equal fractions. 


slit was made across the 0.6 cm deep block and 1.0 to 2.0 ml 
of serum was delivered into this slit with a syringe and 26 gauge 
needle. The block was allowed to equilibrate at 5° for 4 hour 
with the wick ends immersed in electrode chambers filled with 
the above buffer. Electrophoretic separation was carried out 
in a cold room at 5° with a constant current of 20 ma applied for 
about 18 hours, 7.e. until the color bands were well separated. 
After the trough was carefully removed, the excess fluid was 
evaporated from the block with a warm air stream, and the 
block was cut into 1.0-cm sections. Proteins were eluted from 
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the block sections by displacement filtration, with centrifugation 
at 300 x g for 4 minutes in small sintered glass funnels after the 
addition of Veronal buffer or saline solution. This procedure 
was repeated once to rinse the polyvinyl medium. The eluents 
from each section were combined, adjusted to a constant volume, 
and the protein content estimated by biuret procedures (Fig. 1) 
or by determining the optical density at 284 my in a Beckman 
DU spectrophotometer. This wave length was suggested by 
Brattsen (3) in order to reduce the optical density due to barbi- 
turate buffer while retaining as much as possible of the protein 
optical density. Electrophoretic separation of the y-globulings 
from serum was also carried out at 5° in a Spinco model CP 
continuous flow paper electrophoresis cell utilizing normal serum 
diluted in the ratio of 1 volume of serum to 2 volumes of sodium 
diethylbarbiturate buffer of pH 8.6 and 0.03 ionic strength. The 
diluted serum was applied to the curtain at a rate of 0.8 ml per 
hour and exposed to a constant current of 35 ma. The effluent 
from the curtain was collected from 32 delivery tips into in- 
dividual tubes which were changed every 12 or 24 hours by means 
of an automatic fraction collector. The protein content of each 
tube was estimated by determining the optical density at 284 my, 

The y-globulin electrophoretic region was considered to be 
composed of all the proteins migrating less rapidly than the 
B-lipoproteins, which appeared to be the slowest migrating of the 
B-globulins. This protein location was determined by qualita- 
tively ascertaining the lipid distribution in the electrophoretic 
fractions by applying aliquots of the fractions to paper strips 
and staining with Oil Red O dye (25). y-Globulin pools were 
prepared by combining the content of all tubes in the y region 
that did not contain lipid (Fig. 1, Sections 2 to 7), thus most of 
the region intermediate between the 8- and y-protein peaks was 
included within the y-globulin pool. On ultracentrifugal anal- 
ysis, 90 to 95% of these pools were proteins with a sedimentation 
coefficient of 6.6 S, and the remainder of the proteins had a 
sedimentation coefficient of 18 8S (cf. Fig. 5). 
of 9.5 5S were seen. 

Anion Exchange Chromatography—Electrophoretically  pre- 
pared y-globulins equilibrated by dialysis with the initial buffer 
were applied to 30 x 1.0-cm (internal diameter) columns pre- 
pared as described previously (21). The columns contained 2 g 
of diethylaminoethyl (DEAE) cellulose* (19) in equilibrium with 
the initial buffer. For most of the work the initial buffer was 
0.02 m in respect to phosphate and pH 8. Phosphate buffer 
solutions were prepared as the potassium, sodium, or tris(hy- 
droxymethyl)aminomethane salts. An elution gradient of 
increasing molarity was established, maintaining pH 8, with a 
total elution volume of 150 ml. Starting buffer, 90 ml, was 
placed in a mixing chamber prepared from a flat bottomed 
cylinder with 4.7-cm internal diameter. This was connected 
by means of a siphon to a 50-ml Erlenmyer flask reservoir 
containing 55 ml of 0.30 m phosphate buffer pH 8. The bottoms 
of the two containers were level and mixing was assured by a 
magnetic stirrer (21). The eluting solution was pumped through 
the column at a rate of 15 ml per hour and effluent fractions of 
3.3 ml were collected. The optical density of each fraction was 
measured at 280 mu. Recovery of the y-globulins applied to 
the column was 90 to 100% complete, as determined by optical 
density measurements at 280 mu. 


No components 


3 DEAE-cellulose, passing between 230 to 325 mesh and con- 
taining 0.90 meq/g was generously supplied by Drs. E. A. Peterson 
and H. A. Sober. 
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RESULTS 


A representative normal y-globulin chromatogram is illustrated 
in Fig. 2. y-Globulins were eluted continuously throughout 
most of the chromatogram. For purposes of analysis the eluted 
y-globulins were grouped into five fractions composing, respec- 


| tively: 5 to 15% of the elution volume, Fraction 1; 15 to 25%, 


| characteristic region of the chromatogram (Fig. 3). 


Fraction 2; 25 to 45%, Fraction 3; 45 to 58%, Fraction 4; and 58 
to 75%, Fraction 5. However, it should be remembered that 
the elution of y-globulins composing the first four groups and 
part of the fifth was continuous, and the division into five frac- 
tions was a convenient expedient. 

On rechromatography, each fraction was eluted in the same 
Fraction 2 


contained a small amount of the preceding fraction, presumably 
| due to spreading of a portion of the first fraction as it passed 


through the column. 

The chromatographic y-globulin distribution has been found 
to be dependent on the molarity of the initial buffer. In Fig. 4 
are illustrated the chromatograms obtained with the same y- 


| globulin preparation chromatographed with starting (and equili- 


brating) buffers of 0.020 m, 0.010 m and 0.005 m phosphate 
concentration. A marked and progressive shift of y-globulin 
from the Fraction 1 to Fraction 3 region is seen as the molarity 
is reduced. This change occurred to the same degree whether 
the potassium, sodium, or tris(hydroxymethyl)aminomethane 
forms of phosphate buffers, pH 8, were used. Confirmatory 
evidence that Fraction 1 contributes the y-globulin obtained in 
the Fraction 3 of a lower starting molarity was obtained by 
rechromatography. When Fraction 1 was obtained from a 
column with an 0.020 m phosphate initial buffer and was subse- 
quently rechromatographed with the use of 0.005 m phosphate 
initial buffer, much of the protein was eluted in Region 3 (Fig. 
4, lowermost graph). On comparison of the whole y-globulin 
chromatograms illustrated in Fig. 4, it is seen that with buffers 
of lower phosphate concentrations the quantity of protein eluted 
in Region 2 was little altered; the protein in Region 3 showed the 
greatest increase; whereas Region 4 increased moderately, and 
the quantity of protein in Region 5 was not altered. 

The change of y-globulin distribution from one region of the 
chromatogram to another upon lowering the initial buffer 
molarity was considered to be due to an increased capacity of the 
anion exchange cellulose to bind y-globulins and/or an alteration 
in certain of the y-globulins under these conditions. It is 
probable that a specific group of y-globulins adheres to the 
adsorbent at the lower buffer molarity, but will not adhere or 
remain adherent in solutions of higher ionic strength. The shift 
does not seem to be due to an association of y-globulin molecules 
into larger aggregates. Ultracentrifugal analyses of Region 3, 


| obtained after chromatography starting with 0.005 m phosphate 


buffers, were made in the eluting solution, and after dialysis 
against 0.005 m phosphate buffer pH 8 and, also, after dialysis 
against 0.14 m NaCl solutions. 
molecules with sedimentation coefficients of approximately 6.6 S. 


These analyses revealed only 


The progressive increase in the size of Fraction 3 with serial 
lowering of initial buffer molarity indicated that a spectrum of 
proteins was contained in Fraction 1. A stepwise lowering of 
buffer molarity could be utilized for further fractionation of this 
group of y-globulins. 


Another consideration in selecting the phosphate molarity of 


the initial chromatography buffer is the increasing insolubility 


J. L. Fahey and A. P. Horbett 


2647 


ELUTION DIAGRAM OF 
GAMMA GLOBULINS 
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Fic. 3. Anion exchange chromatography of normal y-globulins 
separated by preparative electrophoresis and rechromatography 
of the fractions obtained. The amount of whole y-globulin ap- 
plied to the column was equal to that present in 1 ml of normal 
serum. The elution system was the same as that used in Fig. 2. 
For rechromatography, fractions were concentrated to about 2 
ml and then prepared for chromatography in the usual manner. 
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Fic. 4. Comparison of the effect of variation in the molarity of 
the initial buffer on the anion exchange chromatography of normal 
y-globulins. Buffers of pH 8 and phosphate concentrations of 
0.020 m, 0.010 mM, and 0.005 m were used as the initial buffers. The 
remainder of the elution system was the same as in Fig. 2. Ali- 
quots of the same electrophoretic y-globulin preparation were 
utilized. 


of normal y-globulins with decreasing solvent molarity. In 


0.020 m phosphate buffers, pH 8, approximately 1 to 4% of the 
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Fia. 5. Electrophoretic and ultracentrifugal analysis of normal 
y-globulin anion exchange chromatogram fractions. For refer- 
ence purposes, the electrophoretic distribution of normal serum 
components and the ultracentrifugal distribution of normal whole 
y-globulins are illustrated. The ultracentrifuge patterns were 
obtained from photographs taken 26 minutes after reaching full 
speed. 


TABLE I 
Characteristics of chromatographic y-globulin fractions 
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proteins became insoluble and were precipitated by centrifuga- 
tion before application to the column. However, with 0.005 m 
phosphate buffers, the loss was 5 to 10%. In sera obtained in 
disease, y-globulin losses on equilibration with 0.005 m phosphate 
solutions, pH 8, may be much greater. For this reason the 
chromatographic fractionation of y-globulins was conducted 
with initial buffers of pH 8 and 0.02 m phosphate concentration 
as the best compromise. 


Characteristics of y-Globulin Fractions 


Physicochemical—Electrophoretic characterization of the y- 
globulin fractions revealed a progressive increase in the electro- 
phoretic mobility of the proteins comprising Fractions 1 to 4 
(Fig. 5).4 In Fraction 5, however, only proteins of intermediate 

4 Moving boundary electrophoresis of normal serum chromato- 


gram fractions was performed by Sober, Gutter, Wyckoff and 
Peterson (20). Although the conditions of chromatography are 
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y-globulin mobility were seen. These findings are in accord with 
anion exchange cellulose chromatographic observations utilizing 
elution systems that produced a falling pH coincident with 
increasing ionic strength (20, 21). 

Ultracentrifugal analyses demonstrated that the first 4 frac- 
tions were composed entirely of proteins with sedimentation 
coefficients of 6.6 S (Fig. 5). The 18 S macroglobulins were 
present only in Fraction 5. This fraction also contained a small] 
amount (up to 10%) of 6.6 8 protein. 

The hexose content of the y-globulin fractions was found to 
increase from 1.1 to 2.3% hexose with progression of elution from 
the columns (Table I). Fraction 5, containing the y-macro- 
globulins, was found to have a much higher carbohydrate content 
than the fractions composed of 6.6 S proteins. The value of 
5.0% hexose is less than the 6.0% hexose content reported by 
Miiller-Eberhard and Kunkel (4) for normal y-macroglobulin 
prepared by repeated ultracentrifugal precipitation, and probably 
is due to the lower hexose content of the 6.6 S y-globulins also 
eluted in this chromatogram region. Possible hexose contribu- 
tion from the DEAE-cellulose was unlikely. Chromatography 
conducted in the usual manner except for the omission of protein 
application revealed no detectable hexose in the effluent. 

Immunochemical—Electrophoretically prepared -y-globulins 
when tested by the gel-diffusion technique against rabbit anti- 
human y-globulin serum consistently showed 2 precipitin lines 
(Fig. 6, wpper). One of these lines was straight and the other 
concave toward the y-globulin cup. Korngold and Van Leeuwen 
(26) have postulated that a straight precipitin line between 
antigen and antibody cups is indicative of an antigen of about 
the same molecular weight as the antibody. Similarly, a precipi- 
tin line concave toward the antigen cup is indicative of a greater 
molecular weight for the antigen. Support for this interpreta- 
tion is illustrated in Fig. 6 where two purified y-globulin prepara- 
tions, containing only normal 6.6 S components in the first 
instance, and in the second only 18 S macroglobulins prepared 
from the sera of a patient with Waldenstrém’s macroglobulinemia, 
reacted with rabbit antinormal human y-globulin serum on each 
side of the normal whole y-globulin preparation. It is seen that 
the concave precipitin line of the whole y-globulin demonstrates 
a reaction of identity (22) with the similar concave line of the 
18S macroglobulin. Also, the straight precipitin line reacts with 
the corresponding line formed by the known 6.6 S y-globulins. 
These findings demonstrate that y-globulins possess at least two 
antigenic properties, one characteristic of the 18 S macroglobulins, 
the other characteristic of the 6.6 S globulins. This is in agree- 
ment with the observations of Franklin and Kunkel (27). 

The immunochemical] findings when multiple chromatographic 
y-globulin subdivisions were tested against rabbit antinormal 
human y-globulin sera are illustrated in Fig. 6, lower. The 
chromatographic y-globulin Fractions 1 to 4 seemed to have a 
single antigenic component which was shared in common by these 
fractions. Although not illustrated here, when these fractions 
were tested in hexagonally arranged cups about a central anti- 
sera cup, a single straight precipitin line was seen with each 
fraction which showed a reaction of identity with the chroma- 
tographically adjacent y-globulins. The proteins in Fraction 5, 
in addition, demonstrated a strong precipitin line that was 








somewhat different from those used here, the sequence of 7- 
globulin elution is believed to be similar. The boundary electro- 


phoresis observations are in agreement with the relative mobility 
differences noted on paper electrophoretic analyses here. 
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concave toward the antigen cup. This finding is consistent with 
previous ultracentrifugal demonstration of 18 S -y-macroglobulins 
in this fraction. 

These observations clearly demonstrate that normal y7- 
globulins of differing chromatographic behavior, electrophoretic 
mobility, and hexose content share a common antigenic com- 
ponent. However, the y-globulins with sedimentation coeffi- 
cients of 18 S, which can be separated from almost all of the 6.65 
y-globulins by anion exchange cellulose chromatography, possess 
distinctive antigenic properties which are retained after chroma- 
tographic fractionation. 


DISCUSSION 


This work emphasizes the heterogeneity of the normal y- 
The heterogeneity is of two types. The first is the 
division between the large and small y-globulins, 7.e. those with 
sedimentation coefficients of 18 S in the ultracentrifuge and those 
of 6.68. The second heterogeneity is within the 6.6 8 group of 
y-globulins, and probably also within the 18 S group. 

Relevant to a discussion of y-globulin heterogeneity are 
preliminary findings on the chromatographic distribution of a 
number of y-globulin physiological activities (1). In Fraction 
1 from appropriate sera were found antibodies to mumps virus, 
Histoplasma capsulatum, Salmonella H antigens and thyroglobu- 
lin. No activities have been located in Fractions 2, 3, or 4. In 
Fraction 5 the rheumatoid factor and the major portion of the 
isohemagglutinins A and B, of several Rh antibodies and of 
lupus erythematosus antinucleoprotein activity were found. 

The large and the small y-globulins are distinguishable in the 
ultracentrifuge, by hexose content, immunochemically, and by 
both normal and pathological physiological activities. On anion 
exchange cellulose chromatography, the y-globulins with sedi- 
mentation coefficients of 18 S can be separated from at least 95% 
of the 6.6 S y-globulins. Although Deutsch and Morton (28) 
have postulated that the 18 8 y-globulins are polymers of 6.6 5 
y-globulin units, the behavior on anion exchange cellulose 
chromatography and the higher hexose content indicate that the 
18 S y-globulins differ appreciably from the bulk of the 6.6 8 
The extent of heterogeneity within the 18 § y- 
globulins is uncertain. Several differing physiological properties 
are found in this group normally and in disease. Also, the 
homogeneous 18 8 y-globulins found in patients with Walden- 
strém’s macroglobulinemia differ with each instance of the 
disease (29). 

The heterogeneity among the normal 6.6 8 y-globulins, the 
second type of y-globulin heterogeneity, may be considered to 
Many studies have 
indicated that a spectrum of these y-globulin molecules exists 
in human serum (4, 5, 7, 20, 21, 31, 32). Each molecule or 
group of molecules must have distinctive and differing charac- 
teristics to account for the variations found in electrophoretic 
and chromatographic behavior, hexose content, and antibody 
distribution. Despite these differences, all of the 6.6 S y-globu- 
lin molecules apparently have similar antigenic components. 
The observations reported here, and studies by most investi- 
5 y-globulins represent a single 


globulins. 


y-globulins. 


be an example of microheterogeneity (30). 


gators, indicate that the 6.6 5 
antigenic immunochemical entity (33) when tested with rabbit 
antisera. 

The finding of both similarities and differences among the 6.68 
human y-globulins would seem to be best understood by regard- 
ing the 6.6 S y-globulin molecule as being composed of two or 
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Fic. 6. Upper: Gel diffusion characterization of y-globulins. 
Whole normal y-globulins, normal 6.6 8 y-globulins (Fraction 1) 
and an 18 § y-macroglobulin preparation (from a patient with 
Waldenstrém’s macroglobulinemia) reacted with rabbit antiwhole 
normal human y-globulin serum in an agar gel diffusion cup for 
72 hours at room temperature. Lower: Immunochemical charac- 
terization of chromatogram fractions obtained from whole normal 
y-globulin. The effluent from a normal y-globulin chromatogram 
was divided into 11 pools which were concentrated and added to 
consecutive diffusion cups. The opposite cups were filled with 
rabbit antihuman y-globulin sera, and diffusion was allowed to 
proceed 48 hours at 4° before the picture was obtained. A draw- 
ing of the precipitin lines is included for clarification. 


more subunits. One of these subunits, that possessing anti- 
genicity for the rabbit, might very well be identical in all of the 
6.6 S y-globulin molecules. The other subunit or subunits 
would be of various composition to account for the many differ- 
ences observed in hexose content, electrophoretic mobility, ete. 

The concept that the 6.6 S y-globulin molecules in man are 
composed of subunits, some of which have variable composition, 
is influenced and supported by recent work of Porter (34) who 
has enzymatically divided rabbit y-globulin into subunits of 
differing properties. Pauling (35) had earlier postulated a com- 
mon portion and a variable portion for y-globulin molecules to 
account for the many specific antibodies within the y-globulins. 
Currently available evidence would indicate that the 6.6 5 
y-globulin molecules vary in physicochemical properties as well 
as in antibody activity. 

The concept that the normal y-globulins comprise a large 
number of differing molecules is particularly relevant to any 
consideration of y-globulin metabolism and of the changes 
occurring in disease. It is conceivable that these proteins are 


formed in individual and differing plasma cells. This has been 


suggested by Askonas et al. (36) who found that amino acids 
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were incorporated into several rabbit y-globulin fractions at 
different rates by the spleen, lymph nodes, and bone marrow. 
It is further possible that different y-globulins, once out of the 
plasma cell, may not have the same metabolic status. If the 
turnover times of the various y-globulins are found to differ, the 
use in metabolic studies of y-globulin pools without subdivision 
might miss significant variations, either normally or in disease. 

It will be of particular interest to determine if the chroma- 
tographically discernible y-globulin subgroups are similarly 
or differently affected by pathological states such as hepatic 
cirrhosis, chronic infections, the collagen diseases, leukemias 
and lymphomas, multiple myeloma and macroglobulinemia, and 
other disorders in which marked alteration in the total amount 
of y-globulin may occur. 

Considerable attention has been devoted to the question of 
whether the large amounts of homogeneous serum protein seen 
in multiple myeloma are qualitatively or quantitatively ab- 
normal. However, the isolated, apparently homogeneous, serum 
myeloma proteins have been compared with and shown to differ 
from the heterogeneous group of normal y-globulins which may 
be composed of hundreds or thousands of individual y-globulins. 
Thus the evidence currently available can not be regarded as 
conclusively demonstrating that the myeloma proteins are 
abnormal. It would be unrealistic to insist that the homogene- 
ous y-globulins found in certain diseases should be compared 
with isolated individual normal y-globulins. Nevertheless, the 
implications of extensive heterogeneity within the normal y- 
globulins does bear upon the problem of relating a single protein 
found in a disease to the proteins normally present. 

Further subdivision of the normal y-globulins beyond that 
obtained in the present report seems to be feasible. Fraction 1, 
for instance, can be further fractionated by rechromatography 
on anion exchange cellulose columns utilizing a starting buffer 
of lower ionic strength. Refractionation on columns of the 
cation exchanger carboxymethyl! cellulose can be used (37). 
The use of such additional procedures together with anion 
exchange chromatography should facilitate the detailed study of 
y-globulins in normal and disease states. 


SUMMARY 


1. y-Globulin fractionation by means of anion exchange 
diethylaminoethy! (DEAE) cellulose chromatography has been 
performed on electrophoretically prepared normal y-globulin 
pools. Chromatographic procedures have been modified so that 
the y-globulins of as little as 1 mL of serum can be satisfactorily 
subdivided. 

2. The fractions of y-globulin obtained by anion exchange 
cellulose chromatography have been considered in 5 groups for 
purposes of analysis and comparison. Fractions 1 to 4, which 
contained only proteins with sedimentation coefficients (sz, ) of 
6.6 5 on ultracentrifugal analysis, were composed of y-globulins 
with progressively increasing electrophoretic mobility and in- 
creasing carbohydrate content (from 1.1 to 2.3% hexose). 
Immunochemical testing revealed Fractions 1 to 4 to have 
antigenic properties in common. Fraction 5, containing all of 
the 18 8S y-macroglobulins, had the highest hexose content (5.0%). 
Fraction 5 also possessed distinctive antigenic characteristics, 
compatible with the presence of the 18 S proteins in this fraction. 

3. The heterogeneity of the y-globulins was emphasized. The 


‘ 


y-globulins with sedimentation coefficients of 18 S, normally 
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comprising about 5 to 10% of the total y-globulins, were readily 
distinguished from the smaller (6.6 S$) y-globulins by their 
distinctive ultracentrifugal and immunochemical properties, a 
relatively high hexose content, and characteristic physiological 
activities. 

4. The y-globulins with sedimentation coefficients of 6.6 8, 
that normally comprise 90 to 95% of the y-globulins, were 
distinguished by an anion exchange chromatographic distribu- 
tion indicating the existence of a spectrum of molecules. The 
differing electrophoretic mobility, chromatographic behavior, 
hexose content, and distribution of physiological activities of the 
chromatogram fractions support the view that these are a spec- 
trum of y-globulin molecules. The ultracentrifugal and im- 
munochemical findings indicate that these molecules share, 
however, similar size and antigenic properties. The implications 
of these observations are discussed. 
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In the course of an investigation of the chemical phosphoryla- 
tion of ribonuclease! (cf. (1)), it became necessary to develop a 
chromatographic procedure for the fractionation of the phos- 
phorylated protein. The method of Hirs et al. (2), employing 
the weak cation exchanger Amberlite XE-64, is an extremely 
valuable method for the chromatographic purification of pan- 
creatic ribonuclease, but the use of phosphate buffer, pH values 
below 7, and the rapid movement of the protein through the 
column rendered the method unsuitable for a study of acid- 
labile, phosphorylated ribonuclease. In the method described 
in this paper carboxymethy] cellulose ion exchange columns and 
a gradient elution technique were employed, based on the pro- 
cedures of Peterson and Sober (3). Quantitative measurements 
were also made of the affinity of the exchanger for ribonuclease 
as a function of pH and ionic strength. The CM-cellulose 
method offers a number of advantages over the method employ- 
ing the Amberlite resin. Furthermore, by this chromatographic 
procedure crystalline bovine pancreatic ribonuclease is fraction- 
ated into at least four enzymatically active components, in con- 
trast to the two active components separated on the Amberlite 
column. 

After this work had been completed, a report by Aqvist and 
Anfinsen appeared (4) describing an ion exchange chromato- 
graphic fractionation of ovine pancreatic ribonuclease on CM- 
cellulose columns. These authors also describe an experiment 
in which crystalline bovine pancreatic ribonuclease was sub- 
jected to CM-cellulose chromatography with sodium phosphate 
as the eluting buffer between the gradient limits 0.01 to 0.1 m 
and pH 6.0 to 7.5. Their finding of four enzymatically active 
components is confirmed in the present investigation carried 
out without the use of phosphate and avoiding acid pH values. 
In view of the known strong affinity of ribonuclease for multi- 
valent anions, such as the phosphate ion (lowering of the iso- 
electric point of ribonuclease by 2 pH units (5)), it is of interest 
that the separation of the enzyme preparation by ion exchange 
chromatography into several components is accomplished also 
when a monovalent anion (such as chloride, as in the work de- 
scribed in this paper) is present in the buffer. 


EXPERIMENTAL 


Materials—Ribonuclease was an Armour product (crystalline 
bovine pancreatic, Lot No. 381-059). It was stored over CaCla, 
at 2°,in a vacuum. Material stored under these conditions lost 


* This work was supported by grants from the Yale School of 
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1G. Taborsky, manuscript in preparation. 


no weight when heated at 100° over P.O; in a vacuum for 10 
hours. Ribonucleic acid was a Schwarz preparation (yeast, 
Lot No. NH 5732). It was dialyzed against several changes of 
distilled water for 3 days and then lyophilized. CM-cellulose 
was prepared by the method of Peterson and Sober (3), from 
standard grade Whatman Ashless Cellulose Powder which passed 
through a 200-mesh sieve. The air-dried product contained 
0.7 mequivalent of carboxyl groups per gm and the apparent 
pK of the ionizable group was 3.6. These estimates were made 
from a titration curve obtained with a suspension of the material 
in 0.5 mM NaCl. Used ion exchanger was regenerated as de- 
scribed by Peterson and Sober (3). All other reagents were 
commercial products of reagent grade purity. 

Equilibration of Ion Exchanger—Buffer solutions (0.005 m) 
were prepared with Tris? (Sigma, primary standard grade) ad- 
justed to the required pH values with HCl. All pH values were 
measured with a glass electrode (Beckman model G pH meter) 
at room temperature. The equilibration of CM-cellulose with 
buffer was carried out batch-wise at 2°, by stirring about 30-gm 
portions of the ion exchanger with 500 ml of buffer for 1 to 2 
hours. After brief centrifugation (1000 x g, 10 minutes) the 
exchanger was recovered and the washing operation was repeated 
about 10 times. The pH of the supernatant fluid was within 
0.04 pH unit of the pH of the buffer. After overnight storage 
in buffer, followed by a few more washings, the ion exchanger 
was ready for use. Storage of the exchanger suspended in buf- 
fer under toluene, at 2°, for a few weeks was without harmful 
effects on the chromatographic patterns. 
was removed by 4 washings with buffer. 


Before use, toluene 
A small peak was ob- 
served in the effluent pattern in such cases. Its size and posi- 
tion were reproducible and independent of the column charge. 
It was absent if toluene was not used. In the figures it is shown 
by a dotted line (peak T)). 

Ribonuclease Adsorption by CM-Cellulose. Effect of pH and 
Tonic Strength—In a set of centrifuge tubes, ion exchanger equili- 
brated with a given buffer was mixed with ribonuclease dissolved 
in the same buffer (pH adjusted to the pH of the buffer after 
solution of the protein). The mixtures were placed on a shaker 
for 30 minutes, then centrifuged (International Clinical Centri- 
fuge, top speed, 15 minutes), and the optical density of the 
supernatant fluid was determined at 280 mu (Beckman model 
DU Spectrophotometer, 1-cm light path). Blanks not contain- 
ing protein were used (the optical density of such blank solutions 
when read against buffer was about 0.010). Optical density 
values were expressed in percentages of the values obtained with 

2? The abbreviation used is: Tris, tris(hydroxymethy])amino- 
methane. 
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corresponding protein solutions which contained no ion ex- 
changer. Shaking for more than 30 minutes (up to 12 hours) 
resulted in no significant change of the optical density readings 
indicating that equilibrium had been reached within 30 minutes. 
To such mixtures increments of a concentrated NaCl solution 
were added, followed by shaking, centrifugation, and measure- 
ment of the optical density of the supernatant fluid. The salt 
solution was concentrated enough to keep the dilution factor 
below 1.02. This small dilution was ignored. The capacity of 
CM-cellulose for ribonuclease adsorption was determined in a 
similar manner, varying the amount of ribonuclease in buffered 
mixtures containing a constant amount of the ion exchanger. 

Column Chromatography of Ribonuclease—The equilibrated ion 
exchanger was suspended in buffer (0.005 m Tris-HCl, pH 8.00 
+ 0.02) and fines not sedimenting by gravity within 15 min- 
utes were removed. A column, 0.9 cm in diameter and 21 cm in 
height, was poured in 6 to 7 portions with a slurry of the ion ex- 
changer which was allowed to settle by gravity. The column 
(containing 1.5 gm of ion exchanger, dry weight) was then 
washed with 50 to 100 ml of buffer, with a hydrostatic head of 
about 50 cm, at a flow rate of 15 to 20 ml per hour. During 
this washing the column shrank to a height of 20 em which it 
maintained throughout an experiment. The optical density of 
this wash fluid (read against fresh buffer at 280 mu) was 0.010 to 
0.025. The column was charged with a protein solution (less than 
10 ml) in the same buffer, or in an aqueous solution of low salt 
content the pH of which had been adjusted to that of the 
buffer. Gradient elution was carried out as described by Alm et 
al. (6), from a 500-ml mixing chamber containing 0.005 m Tris- 
HCl buffer, pH 8.00, and a separatory funnel equipped with a 
Mariotte tube and containing a NaCl-buffer solution (0.10 or 
0.15 m NaCl in buffer). The gradients shown in the figures were 
calculated according to Alm et al. (6). An initial flow rate of 
less than 10 ml per hour increased during elution by as much as 
50%. Fractions of 1.5 to 4.5 ml were collected. All operations 
were carried out at 2°. The volume and the optical density at 
280 mu (buffer blank) of each fraction were measured. Frac- 
tions containing light-absorbing material were assayed for en- 
zymatic activity by the Kunitz spectrophotometric assay (7). 
Control chromatograms with Amberlite XE-64 resin were ob- 
tained by the procedure of Hirs et al. (2). 


RESULTS 


Effect of pH and Ionic Strength on Adsorption of Ribonuclease 
by CM-Cellulose—In Fig. 1A the results of those experiments 
are shown in which the extent of binding of ribonuclease by CM- 
cellulose was tested under conditions of varying pH and salt 
concentration. All mixtures contained 2.0 mg of ribonuclease 
and 2.0 mg of CM-cellulose per ml of 0.005 m Tris-HCl] buffer. 
The pH of the mixtures was varied between 7.10 and 8.80. The 
NaCl concentration was varied between zero and 0.110 m. All 
these experiments were carried out at room temperature (22°). 
Above 0.1 m NaCl essentially no ribonuclease is bound by the 
exchanger between pH 7 and 9. In the absence of NaCl about 
one-fifth of the light-absorbing material (at 280 my) was free in 
solution. A test for the effect of the CM-cellulose treatment on 
the enzymatic activity of ribonuclease revealed no inactivation 
of the enzyme at any of the pH values used in the adsorption 
experiments. 

The capacity of CM-cellulose for ribonuclease was determined 
at pH 8.00, 22°. In 5.00 ml of 0.005 m Tris-HC] buffer, pH 8.00, 
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Fig. 1. Binding of ribonuclease by CM-cellulose. A, Effect of 
pH and ionic strength. 2.0 mg of ribonuclease and 2.0 mg of CM- 
cellulose per ml of 0.005 m Tris-HCl buffer, 22°. B, Capacity of 
CM-cellulose for ribonuclease. 3.34 mg of CM-cellulose and given 
amount of ribonuclease in 5.00 ml of 0.005 m Tris-HCl buffer, pH 
8.00, 22°. 


01 02 03 04 


containing 3.34 mg of CM-cellulose (2.3 u eq of carboxyl groups) 
the amount of ribonuclease was varied between 1.0 and 50.0 mg 
(0.07 to 3.57 umoles of protein) (see Fig. 1B). After equilibra- 
tion and centrifugation the amount of ribonuclease bound by 
the exchanger was estimated on the basis of the optical density 
of the supernatant solution. CM-cellulose was saturated by 
more than its own weight of ribonuclease (1.2 mg of protein per 
1.0 mg of ion exchanger, or 0.13 wmole of protein per 1.00 yu eq 
of ion exchanger carboxyl groups). The reversibility of the 
adsorption was tested at each level of the total amount of ribonu- 
clease used. Addition of a NaCl solution to the mixtures to 
yield 0.10 m solutions with respect to NaCl, resulted in the 
recovery of 91 to 98% of the ribonuclease in the supernatant 
solution after removal of the CM-cellulose by centrifugation. 
Chromatography of Ribonuclease—Fig. 2 shows the elution 
patterns obtained with 40.6 mg and 200.0 mg of ribonuclease, 
respectively. A gradient with an upper limit of 0.15 m NaCl was 
used. It is evident that as much as 200.0 mg of ribonuclease may 
be effectively fractionated on the standard size (0.9 x 20 em) 
column. For the preparation of large amounts of the major 
component (D) of crystalline pancreatic ribonuclease the resolti- 
tion afforded under the given conditions is satisfactory, but: for 
the separation of the minor components (B and C) less steep 
gradients may be preferred. When a gradient with an upper 
limit of 0.10 m NaCl was used a complete separation of com- 
ponents B and C could be effected. Under these conditions the 
maxima of each peak had the following positions in the effluent 
diagram: A, 11 ml; B, 296 ml; C, 348 ml; and D, 412 ml. The 
corresponding NaCl concentrations were 0.002, 0.044, 0.050, and 
0.056 m, respectively. Chromatography of large amounts of 
ribonuclease resulted in the appearance of a broad band (£) 
after the elution of the major component (Fig. 2). This band 
is hardly distinguishable from the base line if small amounts of 
ribonuclease preparations are chromatographed. When fractions 
containing the major component of 200 mg of unfractionated 
ribonuclease were combined, dialyzed against water (30% loss of 
protein on dialysis), 92.5 mg of protein were obtained as a lyoph- 
ilized powder. Rechromatography of this material resulted in 


the elution of a single, symmetrical band as shown in Fig. 3. 
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Fig. 2. Chromatography of ribonuclease. CM-cellulose col- 
umn, 0.9 X 20 cm, 0.005 m Tris-HCl buffer, pH 8.0, 2°, NaCl gradi- 
ent as shown. @, 200.0 mg of ribonuclease; O, 40.9 mg of ribo- 
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Fig. 4. Rechromatography of “ribonuclease B’’ (33.3 mg). 


Conditions are listed under Fig. 2. 
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TABLE I 
Analysis of chromatographic fractions of ribonuclease 


The data shown represent average values obtained in 5 to 7 
experiments. The range of individual data is indicated in each 
case in parentheses. The components are identified by letters as 











Effluent Specific 
fractions a ee ee ———- } “acuvityt 
OD (280 my) Enzymatic activity | 
% | % 
A 7.6 (7.3-7.7) | 0 (less than 0.07) | 0 
B | 4.5 (3.6-5.1) 4.4 (3.9-5.2) 98 
C 7.7 (7.2-8.5) 8.2 (7.5-8.5) | 106 
D | 64.8 (63.9-67.9) 71.3 (67.9-78.4) 110 
E | 3.7 (3.5-3.9) 2.9 (2.8-2.9) | 78 
All peaks | 88.3 (85.6-92.3) 86.8 (83.1-94.5) | 98 
All frac- | 95.1 (92.5-104.0) | { ra 
tions | | | 





* 100.0% is the amount placed on the column. 

t Specific enzymatic activity of fresh aqueous ribonuclease 
solution is taken as 100. 

t Not determined. 


The composition of crystalline ribonuclease in terms of the in- 
dividual chromatographically distinct components was estimated 
by integration of the area under each peak of the effluent diagram. 
The results, in percentages of the original column charges, are 
summarized in Table I. They are all corrected for ‘‘base line” 
optical density, which in fact was the optical density of the 
column wash fluid collected before charging the column with 
protein. That this correction procedure was a fair one was 
shown by a blank chromatography run. The column was 
eluted with the usual gradient in the absence of protein and it 
was found that the optical density readings did not vary signifi- 
cantly throughout the elution process. The artifact peak T 
did appear if toluene was employed. This, of course, was also 
corrected for in the recovery calculations. The table also shows 
the results of enzymatic activity measurements. Specific en- 
zymatic activity values are expressed in terms of percentages of 
the specific activity of freshly prepared aqueous solutions of 
crystalline ribonuclease. Protein concentrations were estimated 
from optical density data with the molar extinction coefficient of 
ribonuclease component D at 280 my (9.63 x 10%). 
Comparison of Chromatography of Ribonuclease on Amberlite 
XE-64 and on CM-Cellulose—The correspondence of chromato- 
graphically distinct fractions obtained by the present procedure 
and by the method of Hirs et al. (2) was also determined. A 
sample of “ribonuclease B’’? (40.6 mg) obtained from an Amber- 
lite XE-64 column (cf. (2)) was dissolved in 5.00 ml of 0.005 
Tris-HCl buffer, pH 8.00, dialyzed against this buffer for 8 hours 
at 2°, and this solution (containing 33.3 mg of protein, rest lost 
on dialysis) was chromatographed as usual on CM-cellulose. 
Fig. 4 shows that “ribonuclease B” contains in addition to some 
inactive component A also the active components B and (. 
Total recovery from this column was 98.9% of the material 
placed on the column. Of the original material 17.4% was 
present in peak A, 20.2% in peak B, and 36.2% in peak C (total 


3 I am very grateful to Dr. Frederic M. Richards for a generous 
gift of dialyzed and lyophilized ‘‘ribonuclease B.”’ 
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of three peaks was 73.8%). The ratio of material in peaks B 
and C (C/B, 1.79) agrees well with the distribution of material 
between these peaks when obtained by direct chromatography of 
crystalline ribonuclease on CM-cellulose (C/B from Table I, 
1.71). The reverse test, rechromatography of material on 
Amberlite XE-64, after prior chromatography on CM-cellulose 
was also carried out. Suitable fractions obtained from a large 
scale experiment were combined, their pH was adjusted to 6.48, 
and they were then rechromatographed on an Amberlite XE-64 
column (0.2 m Na-phosphate buffer, pH 6.48; cf. (2)). The 
effluent patterns obtained with unfractionated enzyme and with 
the CM-cellulose column fractions are shown in Fig. 5. Com- 
ponent Z when rechromatographed on Amberlite XE-64 did not 
appear as a peak but only as an irregular base line. In 70 ml of 
eftuent volume only 56% of the material was recovered. 

Ultraviolet Absorption Spectra of Chromatographic Components 
of Crystalline Ribonuclease—The ultraviolet absorption spectra 
(in 0.005 m Tris-HCl buffer, pH 8.0) of the chromatographically 
distinct fractions of crystalline ribonuclease revealed that the 
enzymatically active components were identical in the positions 
of their maxima (278 my), minima (256 my), and of a shoulder 
on the long wave length side of the principal absorption band 
(at about 284 my). The inactive component A however ex- 
hibited a nonprotein absorption spectrum under the same con- 
ditions. A minimum at 238 my and a maximum at 255 my 
(with a broad shoulder in the region 266 to 276 my) suggested 
nucleotide material (260 myu/280 my optical density ratio, 1.47). 
That this material may be of relatively large molecular size is 
inferred from the fact that on dialysis at 2° in Visking 26/32” 
cellophane tubing, against several changes of distilled water, 
only about 30% of the material was lost in 10 hours, and about 
50% in 43 hours (losses estimated on the basis of the drop in the 
optical density of the solution during dialysis). Under the same 
conditions, the enzymatically active components passed through 
the dialysis membrane at a faster rate (30 to 50% in 10 hours, 
and 70 to 80% in 43 hours). 

DISCUSSION 

The results presented above show that chromatography of 
crystalline bovine pancreatic ribonuclease on a CM-cellulose 
column leads to the resolution of the protein into four components 
all of which possess enzymatic activity. All chromatograms 
shown (cf. Figs. 2 and 4) suggest that component B may actually 
represent a mixture of at least two species since the shoulder on 
the leading side of the elution band was invariably present. Re- 
chromatography of individual components on CM-cellulose or 
Amberlite XE-64 columns (Figs. 3 and 5) resulted in the elution 
of single peaks suggesting that the original fractionation was 
indeed a reflection of the heterogeneity of the crystalline enzyme 
preparation and did not merely represent an artifact, possibly 
due to some modification or cleavage occurring on the surface of 
the ion exchanger or during storage of the protein, dry or in 
solution. This view is further strengthened by the fact that 
“ribonuclease B” as obtained from an Amberlite column was 
shown by the CM-cellulose procedure to contain two active 
components which are eluted at effluent volumes identical with 
those of components B and C of previously unfractionated ribo- 
nuclease (cf. Figs. 2 and 4). In addition, the close agreement of 
the ratios of C/B in the two preparations (unfractionated ribo- 
nuclease, 1.71; “ribonuclease B’’, 1.79) and the presence of the 
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Fig. 5. Rechromatography of ribonuclease components ob- 
tained from CM-cellulose columns on Amberlite XE-64 column, 
0.9 X 30 cm, 0.2 m Na-phosphate buffer, pH 6.48, 2°. Ordinate 
scale for the unfractionated ribonuclease curve is shown on right 
margin. 


shoulder on the leading side of component B also in the “ribo- 
nuclease B” chromatogram make it even more likely that the 
heterogeneity of crystalline ribonuclease is a real one. It may 
be noted that the “ribonuclease B’”’ sample (derived from the 
same lot but a different shipment of Armour ribonuclease, as 
compared with the protein preparation used in all other experi- 
ments) had been obtained 1 year before the CM-cellulose prepara- 
tions. This fact, when considered together with the surprising 
constancy of the C/B ratios supports the view that the CM- 
cellulose procedure reflects a heterogeneity which is characteristic 
of crystalline ribonuclease preparations as such, independently 
of treatment or storage. 

Component A is believed to be polynucleotide material on the 
basis of its ultraviolet spectrum and retention within the mem- 
brane sac on dialysis. Its presence in ribonuclease preparations 
appears to be quite general since its position in Amberlite column 
effluents is identical with that of the leading, enzymatically 
inactive band already shown by Hirs et al. (2) to appear in the 
elution pattern of unfractionated ribonuclease (cf. Fig. 5). The 
presence of this material may account for the repeatedly ob- 
served increase in enzyme specific activity on chromatography. 
Richards (8) has pointed out that such an increase in specific 
activity may be due to the removal of an inhibitor by the chro- 
matographic procedure. This suggestion would be supported 


by the finding that nucleotide material is removed on chroma- 
tography in view of the reported inhibition of ribonuclease by 
mononucleotides (9) or ribonucleic acid substrate (10). 

In addition to the greater resolving power of the present 
method in comparison with the resolution afforded by the Am- 
berlite resin, the CM-cellulose procedure offers further advan- 


2656 


tages. The principal component (D) appears in the effluent at 
a salt concentration of 0.06 to 0.07 m NaCl (plus 0.005 m Tris- 
HC! buffer) or less, depending on the slope of the salt gradient, 
in contrast to the 0.2 m Na-phosphate buffer used with the 
Amberlite resin. The fact that in the present procedure the 
protein components appear in the effluent further removed from 
the solvent front makes it possible to apply this method to the 
fractionation of modified ribonuclease preparations so that a 
resolution of faster as well as slower moving components may be 
obtained. The large capacity of the CM-cellulose columns (ef. 
Fig. 1B) renders it possible to use 1 x 20-cm columns for pre- 
parative purposes. With a load of 200 mg of protein on such 
columns the principal component (D) has been obtained free 
from the other components in yields close to the theoretical 
yield after dialysis and lyophilization (after correction for loss 
on dialysis). 

Finally, the CM-cellulose columns permit an extension of the 
useful pH range of ribonuclease chromatography. The use of 
Amberlite XE-64 resin necessitates the use of buffers covering a 
narrow pH range below 7. The results with CM-cellulose, as 
shown in Fig. 1A, suggest that the pH region between 7 and 9 
may also be suitable for the fractionation of ribonuclease on CM- 
cellulose columns. <Acid-labile modifications of ribonuclease, 
such as phosphorylated derivatives, may be chromatographed 
(cf. (1)). Although by increasing the pH one is leaving the pH 
region in which ribonuclease is most stable, the enzymatic ac- 
tivity measurements have shown that under the conditions of 
these experiments no inactivation takes place. 

The apparent reversal of the order in which the extent of 
ribonuclease adsorption to CM-cellulose varies with pH at about 
0.005 m NaCl (cf. Fig. 1A) requires brief comment. The major 
portions of the curves above 0.005 m NaCl reflect the expected 
behavior of ribonuclease with respect to a fully dissociated cat- 
ion exchanger. As the pH increases, that is as ribonuclease 
loses more and more of its net positive charge (pI about 9.5; ef. 
(5)), so does its extent of binding by the ion exchanger decrease 
at any given salt concentration. Below 0.005 m NaCl, the 
unadsorbed material is greatly enriched by component A since 
little if any of this component is adsorbed by the ion exchanger. 
Almost half of the optical density of the supernatant fluid may 
be due to nucleotide materials in the absence of NaCl. Thus at 
low salt concentrations any effect that the pH may have on the 
spectral characteristics of component A would blur the signifi- 
cance of the optical density readings as a measure of unadsorbed 
protein. As the salt concentration is increased, however, the 
increase in optical density would duly reflect the release of 
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protein by the ion exchanger into the supernatant fluid since the 
total amount of dissolved component A would remain essentially 
constant. Since increasing ionic strength will decrease the 
optical density of ribonucleic acid solutions as much as 50% at 
pH 5 and at 300 my (9), and may do so also at 280 my and some- 
what higher pH values, it is possible that as the NaCl concentra- 
tion is increased the contribution of component A to the total 
optical density of the supernatant solution may be diminished, 
In this case the real value of “per cent ribonuclease unbound” 
may be higher by an amount corresponding to not more than 
4% of the optical density of the ribonuclease solution in the 
absence of ion exchanger. This may be the reason why at high 
salt concentrations the optical density values tend to level off 
at values slightly less than 100%. 


SUMMARY 


A method has been described for the chromatographic frac- 
tionation of crystalline pancreatic ribonuclease. The enzyme 
preparation is resolved into a minimum of four active compo- 
nents by ion exchange chromatography with carboxymethy| 
cellulose ion exchange columns buffered with tris(hydroxy- 
methyl)aminomethane-hydrochloric acid at pH 8.00, and eluted 
with a sodium chloride concentration gradient. Columns of 20 
cm height and 0.9 cm diameter are sufficient for preparative use, 
permitting the fractionation of as much as 200 mg of protein. 
The salt concentration in the effluent fractions containing the 
major ribonuclease component is less than 0.075 mM. Batch-wise 
adsorption experiments indicate that the usefulness of the method 
may extend at least over the pH range between 7 and 9. 
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Glutamic Aspartic Transaminase 


III. INHIBITION BY ISONIAZID* 


W. Terry JENKINS,t SonIA ORLOWSKI,£ AND IRWIN W. Sizer 
? + 


From the Division of Biochemistry, Department of Biology, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


(Received for publication, June 8, 1959) 


The interaction between the antitubercular drug Isoniazid 
(isonicotinic acid hydrazide) and pyridoxine (1) has been exten- 
sively studied in vitro with enzymes which are known to require 
pyridoxal phosphate for activity (2-11). The mechanism pro- 
posed for the inhibition of such enzymes by this drug is based 
on its ability to form a hydrazone with the aldehyde group of 
pyridoxal phosphate (9, 12). 

Patients treated with large doses of Isoniazid develop the 
neuritis characteristic of vitamin Be, deficiency and excrete in- 
creased amounts of the vitamin (13). The drug has been used 
to deplete animals of their vitamin Be, thereby producing lower 
transaminase activities in the tissues (6, 7). In this communica- 
tion, experiments are described which show that although 
Isoniazid may cause two types of inhibition of the glutamic aspar- 
tie transaminase, neither is due to resolution of the enzyme. 
Extensive purification (14) of the glutamic aspartic transaminase 
permits kinetic and spectroscopic studies of the formation and 
stability of its Isoniazid derivatives. 


EXPERIMENTAL 


Isoniazid of pharmaceutical grade (California Corporation), 
unlike other preparations, was relatively stable and did not 
rapidly turn yellow when exposed to air. Aspartate, ketoglu- 
tarate (California Corporation), DPNH (Pabst), and malic de- 
hydrogenase (Worthington Biochemicals) were used for the trans- 
aminase assays. “Pyridoxal” glutamic aspartic transaminase 
was prepared as previously described (14). 

Transaminase activity was measured by the zero order dis- 
appearance of DPNH in the presence of aspartate plus keto- 
glutarate and an excess of malic dehydrogenase (15). Concen- 
trations of the components were so adjusted that only aspartate 
and transaminase were limiting. Absorbancies were recorded on 
a Brown recorder (Minneapolis-Honeywell model 153X, 17V-X- 
30) coupled to a Beckman spectrophotometer (model DU) 
through a spectral energy converter. Absorbancies of appro- 
priate blanks and of solutions of the enzyme in the presence of 
Isoniazid were obtained with use of microcells in a spectropho- 
tometer fitted with a photomultiplier attachment; pH values 
were determined on reaction mixtures or their equivalent with 
« Beckman pH meter (model G). 


* Aided by grants from the National Institutes of Health and 
from Ethicon, Incorporated. 

t Present address, Department of Biochemistry, University of 
California, Berkeley, California. 

t Present address, Beth Israel Hospital, Boston, Massachu- 
setts. 


RESULTS 

Isoniazid reacts almost instantly with the transaminase in 0.05 
mM pyrophosphate buffer as indicated by a shift in absorption 
maximum from 430 to 410 my at low pH value, and from 362 
to 402 my at high pH values (Fig. 1). Other ketone reagents 
such as cyanide, semicarbazide, hydroxylamine, and hydrazine 
also cause characteristic changes in the spectrum of the enzyme. 
The extent of the reaction at a given pH may be determined by 
measuring the changes in absorbancy at a favorable wave length. 
Fig. 2 shows Lineweaver-Burk type plots constructed to deter- 
mine the enzyme-Isoniazid dissociation constant in 0.05 m pyro- 
phosphate buffers at pH 4.8 and 8.9. Two different forms of 
the “‘pyrodoxal”’ enzyme exist at these pH values (14). The 
dissociation constant (K; = 0.0024 m) at pH 4.8 represents the 
conversion of the acidic form of the enzyme (EH)! to the Isonia- 
zid derivative, (EH-INH); the dissociation constant (K; = 0.028 
M) at pH 8.9 represents the reaction of the drug with the basic 
form of the “pyridoxal” enzyme (E) to yield the Isoniazid deriv- 
ative, E-INH. The effective dissociation constant of the com- 
plex at a given pH, therefore, depends upon the charge on the 
prosthetic group and varies between these two limits. By anal- 
ogy with the ionization of dibasic acids (16), it is not surprising 
that the hydrogen ion dissociation constant is an order of magni- 
tude greater for the complex (EH-INH, pK ~ 7.6, see Fig. 3) 
than for the enzyme alone (EH, pK = 6.4). The dissociation 
constants of free and inhibited transaminase are summarized in 
Fig. 4. 

In contrast to the stability of the enzyme-Isoniazid complex 
in pyrophosphate buffer, the complex is unstable in phosphate 
buffer and changes to a new spectral form. This transformation 
is first order, with a rate constant which increases linearly with 
the hydrogen ion concentration (Fig. 5). With an excess of 
Isoniazid (0.2 m), the initial absorbancy at 410 my is independ- 
ent of the pH, but the equilibrium value becomes higher as the 
pH is raised. At pH 6.3, during this slow reaction, the apparent 
Isoniazid dissociation constant (i.e. the concentration of the 
drug which reduces the concentration of free enzyme by 50%) 
decreases from an initial value of 0.025 m, to an equilibrium 
value of 0.0094 m. The complex appears to undergo the same 
spectral change with time in phosphate buffer which it undergoes 
with an increase in pH in pyrophosphate buffer (Fig. 1). 

Isoniazid Inhibition of Transamination—Isoniazid in phos- 
phate buffer inhibits the transaminase both reversibly and irre- 


1 E and EH represent the two forms of the pyridoxal glutamic 
aspartic transaminase which exist at pH 9 and 4, respectively. 
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Fig. 1. Spectra of pyridoxal glutamic aspartic transaminase 
(E) in 0.05 m pyrophosphate buffer in the presence and absence of 
0.2 m Isoniazid (INH). Below 375 my the absorbancy of Isoniazid 
alone makes it impractical to measure the absorbancy of the Iso- 
niazid enzyme complex. 
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Fia. 2. Complex formation between Isoniazid and transaminase 
in 0.05 m pyrophosphate buffer as indicated by spectral changes at 
405 mu. K; is calculated from this Lineweaver-Burk type plot of 
(Isoniazid (m)/increase in absorbance) as a function of Isoniazid 
(m). For the pH 4.8 curve, both ordinate and abcissa scales 
should be divided by 5. 
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versibly. The former differs from the latter in that the inhibi- 
tion is almost instantaneous, is rapidly reversed by dilution, and 
is competitive with aspartate. Malic dehydrogenase (0.1 ml) 
was added to the cuvette containing aspartate and Isoniazid | 
minute before starting the reaction by the addition of 0.1 ml of 
a mixture of ketoglutarate and transaminase. Changing the 
order of the addition of the reagents did not affect the rate, 
hence it is very unlikely that the inhibition is due to an interac- 
tion of the Isoniazid with either the ketoglutarate or malic de- 
hydrogenase. All kinetics were zero order for the first minute 
of the reaction. The dependence of the velocity on both the 
Isoniazid and the aspartate concentrations is shown in a Dixon 
plot (17) for competitive inhibition (Fig.6). The K; for Isoniazid 
so determined (0.014 m) agrees satisfactorily with the dissociation 
constant measured spectroscopically under identical conditions, 

High concentrations of Isoniazid incubated with the enzyme 
in phosphate buffer slowly produce a further inhibition which is 
not readily reversed by dilution (Fig. 7). This did not occur in 
pyrophosphate buffer, and took place only at a greatly reduced 
rate in mixtures of pyrophosphate and phosphate buffers. The 
inhibition occurs only slowly above pH 7. The first order con- 
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Fig. 3. Proton dissociation curve from the enzyme Isoniazid 
complex measured spectroscopically in 0.05 m pyrophosphate buf- 
fer and 0.1 m Isoniazid. 
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Fig. 4. Equilibria between pyridoxal enzyme (E), protonated 
enzyme (EH), and their corresponding complexes with Isoniazid 
(E-INH and EH-INH). 
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stant for the inactivation increases with the hydrogen ion con- 
centration. Dialysis for 24 hours of a 90% inactivated enzyme, 
however, reactivated the enzyme and caused the spectrum to 
revert to that of the untreated transaminase. Precipitation of 
the treated enzyme by ammonium sulfate before dialysis showed 
that no hydrazone was liberated during the inactivation. This 
slow inhibition in phosphate buffer at high Isoniazid concentra- 
tion has similar characteristics when studied either by loss of 
activity or by the concomitant spectroscopic changes. 


DISCUSSION 


The complexes formed between Isoniazid and the pyridoxal 
phosphate of transaminase differ in two respects from those 
formed with free pyridoxal phosphate (12). The spectra are 
dissimilar, and the rates of the reaction are widely different. 
In the formation of a Schiff base by an interaction of amino 
and ketonic groups, water is liberated so that the equilibrium 
depends upon the water concentration (18). If a Schiff base is 
formed between Isoniazid and the enzyme, water is probably 
not formed, as the evidence suggests that the pyridoxal phos- 
phate is already in the form of a Schiff base (19). This may 
account for the difference in reactivity of free and bound pyri- 
doxal phosphate. There is some evidence that a Schiff base 
may be formed more rapidly from another Schiff base than from 
the parent carbonyl compound (20, 21). 

The results in phosphate buffer may be explained in terms of 
a fast reversible interaction between Isoniazid and the prosthetic 
group, followed by a slow conversion to a form characterized by 
a lower absorbancy at 410 my. This slow reaction appears to 
be catalyzed by hydrogen ions and pyrophosphate, and gives 
rise to an inhibition which is not readily reversed by dilution. 
The following observations are consistent with this interpreta- 
tion. 
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Fic. 5. Reversible conversion of the initial transaminase-Iso- 
hiazid complex to an equilibrium substance with another complex. 
4 Absorbancy is the absorbancy at 410 my at time (¢) less that at 
infinite time. The solution contained 0.125 m phosphate and 0.2 
M Isoniazid at: 1, (H+) = 1.3 X 10-77 Mm; 2, (H+) = 4.8 X 107 M; 
3, (H*) = 8.1 X 107 M. 
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Fig. 6. Competitive inhibition by Isoniazid with aspartate. 
Each vessel contained, in 3 ml, 300 ug of DPNH, 0.01 ml of malic 
dehydrogenase, 50 umoles of ketoglutarate, 150 umoles of potas- 
sium phosphate buffer, pH 7.2. K,; = 0.014 m as measured from 
the point of intersection of the two lines. 
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Fic. 7. Effect of pH on the inactivation of the enzyme by 0.2 m 
Isoniazid in 0.05 m phosphate buffer at 25°. In a volume of 3 ml 
the assay cuvette contained 340 umoles of tris(hydroxymethy])- 
aminomethane buffer, pH 8.3; 20 umoles of aspartate, 20 umoles of 
ketoglutarate, 300 ug of DPNH, 0.01 ml of malic dehydrogenase, 
0.1 ml of transaminase diluted 1:10. 


1. The initial interaction is associated with an inhibition 
which is competitive with the substrate, aspartate. 

2. The fact that the apparent equilibrium constant then ap- 
pears to decrease suggests a further interaction. 

3. The enzyme is not resolved by treatment with Isoniazid 
either in the rapid initial reaction or in the second slow reaction. 
Prolonged dialysis will remove the drug and regenerate active 
enzyme. 

4. In the presence of large amounts of Isoniazid, the second, 
slow spectral change is similar to that observed in pyrophosphate 
buffers when the pH is raised. The rate and extent of the spec- 
tral change are markedly pH dependent. It is either too rapid 
or too small at low pH values to be observable. 

Similar observations to these have been made with various 
decarboxylases (9-11). The most complete study with Isoniazid 
was made by Davison (9) who also obtained two types of inhibi- 
tion. Roberts (22) reported a reversible competitive type of 


inhibition with hydroxylamine. 
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SUMMARY 


The antitubercular drug, isonicotinic acid hydrazide (Isonia- 
zid), reacts rapidly with the pyridoxal form of the glutamic as- 
partic transaminase to yield spectrally distinct complexes. The 
interaction as measured spectroscopically is correlated quanti- 
tatively with the inhibition of the enzyme. This inhibition by 
Isoniazid is competitive with aspartate. The enzyme-isonico- 
tinic acid hydrazide dissociation constant is dependent upon the 
pH. The acidic form of the pyridoxal transaminase has a 
greater affinity than the basic form for this drug. In phosphate 
buffers, two types of inhibition by Isoniazid occurred. One is 
rapid and readily reversible, the other is slow and not reversible. 
Neither type of inhibition is due to resolution of the holoenzyme. 
It is suggested that the slow inhibition results from a rearrange- 
ment of the primary Isoniazid-enzyme complex. 
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The results of previous work have indicated (2, 3) that one 
sulfhydryl group of microsomal cytochrome reductase is essen- 
tial for the interaction of nucleotides with this enzyme. These 
results, however, do not rule out the possibility that there are 
other reactive sulfhydryl groups on the native enzyme and that 
they are involved directly or indirectly in nucleotide-enzyme 
interactions. In the experiments described below, sulfhydryl 
group reagents have been used to characterize the reactive sulf- 
hydryl groups of the native enzyme. It will be shown that each 
sulfhydryl group can be distinguished from the others by at least 
one property. On the basis of these properties, N-ethyl malei- 
mide derivatives of microsomal cytochrome reductase, contain- 
ing between one and two reactive sulfhydryl groups per molecule 
of protein, have been prepared. These derivatives catalyze all 
of the reactions of microsomal cytochrome reductase thus estab- 
lishing that only one specific sulfhydryl group is involved in 
nucleotide interactions with the enzyme. 


EXPERIMENTAL PROCEDURE 


Aerobic and anaerobic procedures for measuring both enzy- 
matic activities and spectral changes have been described pre- 
viously (2,3). Measurements were made with a Beckman model 
DU spectrophotometer with a photomultiplier attachment. Wa- 
ter at various temperatures from 0 to 25° was circulated from a 
constant temperature bath through thermospacers, obtained 
from Beckman Instruments, Inc., to obtain desired chamber 
temperatures during spectral observations. The standard as- 
says of the catalytic activity of microsomal cytochrome reduc- 
tase were carried out at 25°, aerobically, in micro cells containing 
0.025 umole of DPNH, 0.05 umole of potassium ferricyanide 
(added at zero time), and enzyme in 0.20 ml of 0.1 m Tris! ace- 
tate, pH 8.1. The final enzyme concentration in the assay sys- 
tems was usually 1.1 x 10-9 m. The oxidation of DPNH was 
followed by the decrease in absorbancy at 340 my at 15-second 
intervals for 2 minutes. A correction for the small contribution 
of potassium ferricyanide reduction to the 340 my absorbancy 
change was made. 

A modification of the method of Boyer (4) for the determina- 
tion of protein sulfhydryl groups with p-chloromercuribenzoate 
was used. For the enzyme titrations, 0.01 ml of 10-* m mer- 


* A preliminary report of this work has appeared (1). This in- 
vestigation was supported by research grants H-2768 from the 
National Heart Institute, United States Public Health Service, 
and NSF-G 4552 from the National Science Foundation. 

‘The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 


curibenzoate was added to a reference cell containing 0.20 ml of 
0.1 m Tris acetate, pH 8.1, and to a cell containing 0.20 ml of 
5 X 10-* m microsomal cytochrome reductase and 0.1 m Tris 
acetate, pH 8.1, at 0 to 5°. The increase in absorbancy at 250 
muy after 5 minutes was determined and corrected for the volume 
change due to mercuribenzoate addition. The increase in ab- 
sorbancy at 250 my on adding the mercury compound to stand- 
ard glutathione solutions under the same conditions is 7.8 for a 
10-* m glutathione solution with a spectrophotometer slit open- 
ing that gives a band width for the incident light of 0.3 to 0.4 
my at half the maximal light intensity. This value of the in- 
crease in absorbancy was used to calculate the sulfhydryl group 
content of the enzyme. 

Microsomal cytochrome reductase was prepared as described 
previously (2) with a slight modification, namely that the origi- 
nal homogenate was made with 3 rather than 9 volumes of 
sucrose media. The ratio of the absorbancy at 275 my to that 
at 460 my was between 6.9 and 7.3 for all preparations used. 
Any preparation with a higher ratio was purified to fall within 
this range by a second gel treatment and ammonium sulfate 
fractionation as described for the original purification procedure 
(2). The enzyme was stored at —20° in 0.1 m Tris acetate, pH 
8.1. Protein concentrations for these experiments were based 
on the flavoprotein absorption spectrum (2). 

The DPNH, p-chloromercuribenzoate, N-ethyl maleimide, and 
glutathione were obtained from the Sigma Chemical Company. 
Duponol was a product of E. I. DuPont de Nemours and Com- 
pany, Inc. 


RESULTS 


Inhibition of Enzyme Activity and Flavin Reduction by Mer- 
curibenzoate—In agreement with the observations with p-chloro- 
mercuribenzene sulfonate (2), the stoichiometry of mercuriben- 
zoate inhibition of enzyme activity shows that one sulfhydryl 
group of microsomal cytochrome reductase is essential for enzyme 
activity (Fig. 1, Curve 1). Experimentally, complete inhibition 
requires more than one equivalent of either inhibitor, suggesting 
that another protein sulfhydryl group or groups are beginning 
to react with the mercurial reagents as saturation of the essen- 
tial sulfhydryl group is approached. With either reagent, how- 
ever, an extrapolation of the data between 0 and 0.7 equivalent 
of inhibitor yields a value of 1 equivalent at 100% inhibition. 

If DPNH is added to tubes containing microsomal cytochrome 
reductase and varying amounts of mercuribenzoate before dilu- 


2 Duponol is a mixture of sodium lauryl] sulfate and other fatty 
alcohol sulfates. 
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EQUIVALENTS CMB 


Fic. 1. The effect of p-chloromercuribenzoate (CMB) on en- 
zyme activity and flavin reduction. For all trials, 0.20 ml of 0.1 
m Tris acetate, pH 8.1, containing 4.5 X 10~-* m microsomal cyto- 
chrome reductase, and from 0 to 2.6 X 10-5 m CMB were incu- 
bated 10 minutes at 0 to 5°. Curve 1, aliquots of the incubation 
mixtures were diluted with 0.1 m Tris acetate, pH 8.1, to a final 
concentration of 1.1 X 10-® m enzyme for the standard assay for 
enzymatic activity (‘“Experimental Procedure’’). Curve 2, 0.01 
ml of 2.5 X 10-? m DPNH was added to each incubation mixture 
and after 10 minutes aliquots were diluted to a final concentra- 
tion of 1.1 X 10-* m enzyme with 0.1 m Tris acetate, pH 8.1, for 
the standard assay for enzymatic activity. Curve 3, 0.01 ml of 
2.5 X 10°? m DPNH was added to each incubation mixture and 
the extent of flavin reduction measured by the decrease in ab- 
sorbancy at 460 my (2). 


TaBLeE I 
Sulfhydryl group content of microsomal cytochrome reductase 























4 | 4 | Sulfhydryl 
pensyme n | Conditions of analysis | Jitciey | Suyeydsy! rare 
pmole umole 
3 pH 8.1 0.00130 | 0.00380 | 2.92 
7 pH 8.1 0.00105 | 0.00321 3.05 
8 pH 8.1 0.00126 0.00380 3.02 
7 pH 8.1, 0.45% 0.00105 0.00433 4.13 
Duponolt 
7 pH 8.1, 0.45% 0.00105 | 0.00425 4.05 
Duponolt | 
7 pH 4.8 0.00105 | 0.00394 3.75 
7 pH 4.8 0.00105 | 0.00372 3.54 
* See ‘Experimental Procedure”’ for the analysis. In the last 


two trials a 0.1 M acetate buffer, pH 4.8, was used in place of 0.1 
M Tris acetate, pH 8.1. 

+ Determined by flavoprotein spectrum (2). 

¢ This concentration of Duponol inactivates the enzyme and 
releases the flavin as indicated by the change in absorption spec- 
trum from that of the flavoprotein to that of free flavin adenine 
dinucleotide (2). 


tion for enzymatic activity assays, the inhibition of DPNH oxi- 
dation by the mercurial is partially reversed (Fig. 1, Curve 2). 
The DPNH concentration in these incubation mixtures is the 
same as that used in the assay systems. This apparent reactiva- 
tion of mercuribenzoate-inhibited enzyme at relatively high en- 
zyme concentrations in the presence of DPNH is also observed 
when the extent of flavin reduction by DPNH is measured (Fig. 
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1, Curve 3). Two equivalents of p-chloromercuribenzoate pre- 
vent both the reactivation of the enzyme activity and flavin 
reduction by DPNH. These data suggest that at the higher 
protein concentrations a slow migration of the mercuribenzoate 
from the essential protein sulfhydryl group to another protein 
sulfhydryl group with only a slightly lower affinity for mercuri- 
benzoate may occur in the presence of DPNH. The increased 
concentration of protein sulfhydryl groups as well as the pres- 
ence of DPNH, which protects the essential sulfhydryl group 
(3), would favor such a reaction. 

Titrable Sulfhydryl Groups of Microsomal Cytochrome Reductase 
—Titrations of several preparations of microsomal cytochrome 
reductase with mercuribenzoate at pH 8.1, by the modification 
of the method of Boyer (4) described earlier in this paper, show 
that the active enzyme contains three reactive sulfhydryl groups 
per flavin (Table I). Under these conditions all of the mercuri- 
benzoate can be removed by dialysis against glutathione to re- 
generate the active enzyme. The rather acid conditions of 
Boyer (4) were not used in these titrations since microsomal 
cytochrome reductase is irreversibly denatured at pH 4.8 at 0 
to 5° in 5 to 10 minutes. When the enzyme is denatured an 
additional sulfhydryl group is exposed (Table I) and the flavin 
is released from the enzyme as indicated by the loss of the typical 
flavoprotein spectrum (2). Duponol denaturation at pH 8.1 
yields reproducible values for the sulfhydryl group content, but 
acid denaturation at pH 4.8 gave rather erratic and lower values, 
Since some turbidity was usually observed under acid conditions 
of denaturation, this variation is not surprising. The experi- 
ments described below will be concerned only with the charac- 
terization and reactions of the three reactive sulfhydryl groups 
of the native enzyme. 
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Fig. 2. The reaction of N-ethyl maleimide with microsomal 
cytochrome reductase. Curve 1, for each trial 0.025 umole of 
DPNH was added to 0.20 ml of 0.1 Mm Tris acetate, pH 8.1, contain- 
ing 5 X 10-4 m N-ethyl maleimide and 5 X 10-* m microsomal cyto- 
chrome reductase which had been incubated at 0 to 5° for the time 
indicated. The per cent of flavin reduction at 460 mp was meas- 
ured (2). Curve 2, after incubation of 0.20-ml samples of 0.1 
Tris acetate, pH 8.1, containing 5 X 10-4 m N-ethyl maleimide and 
5 X 10-* M microsomal cytochrome reductase at 0 to 5° for the 
specified time, the sulfhydryl group content of the enzyme was 
determined (‘‘Experimental Procedure’’). 
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Characteristics of N-Ethyl Maleimide Reaction with Microsomal 
Cytochrome Reductase—The rate of reaction of N-ethyl maleimide 
with the sulfhydryl groups of microsomal cytochrome reductase 
and the rate of inhibition of DPNH reduction of the flavin by 
this reagent are shown in Fig. 2. When two sulfhydryl groups 
have reacted, the enzyme is completely inhibited. The third 
sulfhydryl group is clearly distinguished by its slow reaction 
with N-ethyl maleimide. Since the inhibition of enzymatic 
activity continues throughout the entire period during which 
the first two groups react, this experiment does not indicate 
whether one or both of these groups are involved in nucleotide- 
enzyme interactions. 

When microsomal cytochrome reductase is incubated with 
N-ethyl maleimide in the presence of excess DPNH only one 
sulfhydryl group reacts rapidly with the sulfhydrvl reagent and 
only two such groups react even on prolonged incubation (Fig. 
3). One of the sulfhydryl groups which react rapidly with 
N-ethyl maleimide is therefore protected from the sulfhydryl 
reagent by the reduced pyridine nucleotide. 

Properties of N-Ethyl Maleimide Derivatives of Microsomal 
Cytochrome Reductase—The properties of a typical N-ethyl ma- 
leimide derivative of microsomal cytochrome reductase, ob- 
tained by incubating the enzyme with the sulfhydryl reagent in 
the presence of excess DPNH, are summarized in Table II. 
This preparation, which contained only 1.15 reactive sulfhydryl 
groups per flavin, catalyzes the nucleotide reactions which have 
been observed with untreated microsomal cytochrome reductase 
(2,3). Both the extent of flavin reduction by DPNH and the 
rate of reduced nucleotide oxidation catalyzed by the N-ethyl 
maleimide derivative indicate that there was no gross alteration 
in nucleotide-enzyme interaction by the addition of N-ethyl 
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Fic. 3. The effect of DPNH on the reaction of N-ethyl malei- 
mide with microsomal cytochrome reductase. For each experi- 
ment 1.0 umole of N-ethyl maleimide suspended in 0.05 ml of 0.1 
M Tris acetate, pH 8.1, was added to 0.15 ml of 0.1 m Tris acetate, 
pH 8.1, containing 3.3 X 10-5 m microsomal cytochrome reductase 
and 10°? m DPNH. After the solution was incubated at 0 to 5° 
for the specified time, 0.05 ml of 4 X 107? glutathione in 0.1 m 
Tris acetate, pH 8.1, was added and the entire sample was then 
dialyzed against 3 changes of 0.1 m Tris acetate, pH 8.1, for 48 
hours. The sulfhydryl group content for each sample was deter- 
mined (‘‘Experimental Procedure’’). 
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TABLE II 


Properties of N-ethyl maleimide derivative of microsomal 
cytochrome reductase containing 1.16 sulfhydryl groups* 





Activity of derivative 
(% of untreated 
enzyme) 


Reaction tested 








SR OE BT cep inc ancanemanuenns’s on 78 
Extent of flavin reduction by DPNH......... 97 
Oxidation of deamino analogue of DPNH..... 85t 
Oxidation of 3-acetylpyridine analogue of 

PEE Shick tkitekdinaiomad ces eee ORTON 80t 





* This derivative was prepared by adding 2.5 uymoles of N-ethyl 
maleimide suspended in 0.15 ml of Tris acetate, pH 8.1, to 0.35 
ml of 0.1 m Tris acetate, pH 8.1, containing 0.025 zmole of micro- 
somal cytochrome reductase and 3.5 ymoles of DPNH, and incu- 
bating the mixture for 8 hours aerobically at 0 to 5°. Then 0.15 
ml! of 4 X 10-? m glutathione in 0.1 m Tris acetate, pH 8.1, was 
added and the preparation was dialyzed against 3 changes of 
0.1 m Tris acetate, pH 8.1, for 48 hours. 

1 These activities were determined in the standard assay system 
described in ‘‘Experimental Procedure’ with the particular nu- 
cleotide analogue substituted for DPNH. 
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Fig. 4. The inhibition of the N-ethyl maleimide derivative of 
microsomal cytochrome reductase containing 1.15 sulfhydryl 
groups per molecule by p-chloromercuribenzoate (CMB). The 
preparation of the enzyme derivative is described in Table II. 
For all experiments, 0.20 ml of 0.1 m Tris acetate, pH 8.1, contain- 
ing 5 X 10-* m enzyme, and from 0 to 2.0 X 10-§ m CMB were 
incubated 10 minutes at 0 to 5°. Curve 1, aliquots of the incuba- 
tions were diluted with 0.1 m Tris acetate, pH 8.1, to 1.1 X 10~° 
M enzyme for the standard assay for enzymatic activity (‘“‘Experi- 
mental Procedure’’). Curve 2, 0.01 ml of 2 X 107? m DPNH was 
added to each incubation mixture and the extent of flavin reduc- 
tion measured by the decrease in absorbancy at 460 my (2). 
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maleimide to the enzyme. Data similar to those shown in 
Table II have been obtained with several derivatives containing 
from 1.05 to 1.40 sulfhydryl groups per flavin. 

Titrations of the N-ethyl maleimide derivative of microsomal 
cytochrome reductase described above with p-chloromercuriben- 
zoate (Fig. 4) show that both DPNH oxidation in a catalytic 
system and flavin reduction by DPNH are completely inhibited 
by exactly 1 equivalent of the mercury compound; furthermore, 
the inhibition is not affected by DPNH at relatively high protein 
concentrations. Both of these properties are distinct from those 
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of the native enzyme in which all of the sulfhydryl groups are 
intact. By allowing two of the sulfhydryl groups of microsomal 
cytochrome reductase to react with N-ethyl maleimide only one 
reactive site for mercuribenzoate remains, and this site has a 
much higher affinity for the mercurial than DPNH. It is pro- 
tected by DPNH during the incubation with N-ethyl maleimide 
because the reduced nucleotide first reacts with the enzyme to 
yield a complex in which the DPN is bound tightly to reduced 
enzyme (3, 5). 


DISCUSSION 


Microsomal cytochrome reductase is an example of an enzyme 
of fairly low molecular weight in which several cysteine residues 
can be distinguished from one another by the differences in the 
reactivities of their sulfhydryl groups. As the present study 
shows, the number of reactive sulfhydryl groups is fortunately 
quite small. Only three such groups react with p-chloromer- 
curibenzoate when the enzyme is in an active, undenatured 
form. Earlier experiments (2, 3) had already indicated that one 
sulfhydryl group of the protein is essential for enzymatic activity 
and is protected from p-chloromercuribenzene sulfonate by 
DPNH. This group has now been identified as the sulfhydryl 
group which reacts rapidly with N-ethyl maleimide but is pro- 
tected from the sulfhydryl reagent by DPNH. The second 
sulfhydryl group reacts rapidly with N-ethyl maleimide when 
DPNH is present or absent. Finally, the third group is clearly 
distinguished by its very slow reaction with N-ethyl maleimide. 

Two types of evidence establish that only the one specific 
sulfhydryl group protected by DPNH is involved in nucleotide 
reactions with microsomal cytochrome reductase. First, the 
N-ethy] maleimide derivative, which contained only 1.15 reactive 
sulfhydryl groups per flavin, catalyzed all of the nucleotide reac- 
tions observed with the untreated enzyme. Second, both the 
extent of flavin reduction by DPNH and the catalytic activity 
of the N-ethyl maleimide derivative were completely inhibited 
by exactly 1-equivalent of mercuribenzoate. 


Sulfhydryl Groups of Microsomal Cytochrome Reductase 
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The three reactive sulfhydryl groups identified in these experi- 
ments are not the only sulfhydryl groups of microsomal cyto. 
chrome reductase. It has been shown here that denaturation 
of the enzyme exposes a fourth such group. It is also possible 
that other sulfhydryl groups do not become reactive or are de. 
stroyed by this treatment. The observation that denaturation 
with Duponol does result in the exposure of one new protein 
sulfhydryl group as well as in the release of the flavin, raises the 
question whether these two effects are merely coincidental or 
whether this sulfhydryl group is involved in flavin binding. Ex. 
periments on the effect of mercuribenzoate on the reactivation 
of the apoenzyme should help to decide between the two alter. 
natives. 


SUMMARY 


1. Titrations of microsomal cytochrome reductase with p-chlo- 
romercuribenzoate showed that the active enzyme contains three 
reactive sulfhydryl groups. 

2. Denaturation of microsomal cytochrome reductase releases 
a fourth sulfhydryl group. ; 

3. The three reactive sulfhydryl groups of the native enzyme 
have been distinguished from one another by differences in their 
reactivities to various sulfhydryl group reagents. 

4. The properties of N-ethyl maleimide derivatives of the en- 
zyme establish that only one specific sulfhydryl] group is involved 
in nucleotide interactions with microsomal cytochrome reductase. 


Acknowledgment—The author is indebted to Dr. Mildred Cohn 
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Under anaerobic conditions the addition of reduced diphos- 
phopyridine nucleotide to stoichiometric amounts of microsomal 
cytochrome reductase yields reduced flavin and a nucleotide- 
enzyme complex characterized by a 315-my absorption peak (2). 
The properties of the reactive sulfhydryl groups of the enzyme 
and the evidence for the participation of only one such group 
in this reaction have been described (3). In the present study 
the nature of the interaction of nucleotides with microsomal 
cytochrome reductase was examined in more detail. Direct 
evidence for nucleotide binding to the enzyme was obtained. 
Reduced triphosphopyridine nucleotide, analogues of reduced 
diphosphopyridine nucleotide and other nucleotides were then 
used to demonstrate the participation of various parts of the sub- 
strate molecule in interactions with microsomal cytochrome re- 
ductase and to implicate protein groups in addition to the essen- 
tial sulfhydryl group in nucleotide binding. 


EXPERIMENTAL PROCEDURE 


Aerobie and anaerobic procedures for measuring both enzy- 
matic activities and spectral changes have been described pre- 
viously (2, 4). The standard assay system for determining the 
catalytic activity of microsomal cytochrome reductase that has 
been described (3) was used in the present study. 

For the kinetic experiments a Beckman model DU spectro- 
photometer coupled to a Brown recorder! as described by Frieden 
(5) was used. The cuvette compartment was maintained at 25° 
by circulating water from a constant temperature bath through 
thermospacers obtained from Beckman Instruments, Inc. Since 
the DPNH concentrations were low in these experiments, 25 ml 
of 0.1 m Tris? acetate, pH 8.1 and 25°, containing the desired 
concentrations of DPNH, potassium ferricyanide, and inhibitor 
were placed in a 10-em cuvette. Then 0.20 ml of enzyme was 
pipetted into the cuvette with mixing and the absorbancy change 
at 340 mu was recorded during the period from approximately 15 
to 180 seconds after the enzyme addition. Initial velocities 
were obtained from the linear part of the curves usually within 
the first few per cent of reaction. 

The preparation of microsomal cytochrome reductase (3, 4) 
has been described. Only preparations with ratios of absorb- 


*A preliminary report of this work has appeared (1). This 


investigation was supported in part by research grants H-2768 
from the National Heart Institute, United States Public Health 
Service, and NSF-G 4552 from the National Science Foundation. 
1T am indebted to Dr. Carl Frieden for the use of this equip- 
ment. 
The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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ancy at 275 and 460 my between 6.9 and 7.3 were used. The 
enzyme was stored at —20° in 0.1 m Tris acetate, pH 8.1. 

The DPNH, TPNH, and crystalline yeast alcohol dehydro- 
genase were obtained from the Sigma Chemical Company. The 
AMP, ADP, ATP, IDP, adenosinediphosphate ribose, and the 
3-acetylpyridine, deamino, 3-pyridinealdehyde, and 3-acetyl- 
pyridine-deamino analogues of DPN were products of the Pabst 
Laboratories. The analogues of DPNH were prepared from the 
analogues of DPN with alcohol dehydrogenase systems. NMN 
was prepared from DPN by incubation with snake venom pyro- 
phosphatase as described by Kaplan and Stolzenbach (6). Re- 
duced NMN was obtained by the action of snake venom pyro- 
phosphatase on DPNH. The AMP was not separated from the 
reduced NMN but the equimolar mixture of the two nucleotides 
was used in the experiments below. 


RESULTS 


Evidence for Binding of DPN to Microsomal Cytochrome Re- 
ductase—Direct evidence for nucleotide binding to the enzyme 
is presented in Fig. 1. The control incubation mixtures (Curves 
1, 2, and 3), consisting of a catalytic amount of yeast alcohol 
dehydrogenase, 0.1 m ethanol, and varying amounts of DPN, 
show that the DPN, at these three low concentrations, is com- 
pletely reduced. The three experimental cuvettes (Curves 4, 5, 
and 6) contained 0.003 umole of microsomal cytochrome reduc- 
tase in addition to the components used for the control experi- 
ments (Curves 1, 2, and 3). No appreciable free DPNH accu- 
mulated in these cuvettes (Curves 4, 5, and 6); rather, an amount 
of protein flavin equivalent to the DPN originally added to each 
cuvette was reduced with the appearance of the 315 my absorp- 
tion band. The small increases in the absorbancy at 340 my 
are completely accounted for by the absorption band of the 
enzyme-nucleotide complex since the difference spectra (Curves 
4, 5, and 6) are identical with those obtained anaerobically by 
adding corresponding amounts of DPNH to the reductase. In 
no case does DPN reduce more than 1 equivalent of flavin. 
These results clearly indicate that the DPNH formed in the 
alcohol dehydrogenase system reacted immediately with the 
microsomal cytochrome reductase to form a stable complex in 
which the DPN is no longer available for further reaction in the 
alcohol dehydrogenase system. 

Oxidation of DPNH Analogues and TPNH by Microsomal 
Cytochrome Reductase—The requirement for various parts of the 
substrate molecule for binding to the enzyme was first examined 
by measuring the rates of oxidation of various nucleotides by 
microsomal cytochrome reductase. Table I presents data on 
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Fig. 1. Nucleotide binding to microsomal cytochrome reduc- 
tase. All incubation mixtures contained 2 ug of crystalline yeast 
alcohol dehydrogenase and 0.1 m ethanol (added at zero time) in 
0.20 ml of 0.1 m Tris acetate, pH 8.1. The incubation mixtures for 
Curves 1, 2, and 3 contained 0.00088, 0.0015, and 0.0030 umole of 
DPN, respectively. The incubation mixtures for Curves 4, 6, 
and 6 contained 0.0030 umole of microsomal cytochrome reductase 
and 0.00088, 0.0015, and 0.0030 umole of DPN, respectively. The 
difference spectra were obtained in each case by subtracting the 
absorption spectrum before ethanol addition from the absorption 
spectrum 10 minutes after ethanol addition at 0 to 5°. A correc- 
tion for the volume change was made. 


TaBLe I 
Rates of oxidation of various substrates by microsomal cytochrome 
reductase with potassium ferricyanide or oxygen as 
electron acceptor 














Relative activity 
Nucleotide a “ 
| oa! ante Pe 
DPNH 100 0.012 
Deamino analogue of DPNH 100 0.012 
3-Acetylpyridine analogue of 12 0.012 
DPNH 
3-Acetylpyridine-deamino ana- | 12 0.012 
logue of DPNH | 
3-Pyridinealdehyde analogue of | 1.4 0.008 
DPNH | 
Reduced NMN + AMP | 0 0 
TPNH | 0.028 0.032 








* For enzymatic assays the standard assay system described in 
the ‘‘Experimental Procedure” was used with the nucleotide indi- 
cated substituted for DPNH. Enzyme concentration was 1.1 X 
10-* . 

+ Assay systems consisted of 0.20 ml of 0.1 m Tris acetate, pH 
8.1 and 25°, containing 1.25 X 10-4 m reduced nucleotide and 
5 X 10-* m microsomal cytochrome reductase. The absorbancy 
change at 340 my was measured at 15-second intervals for 2 min- 
utes. 
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the relative rates of oxidation of a number of nucleotide sub- 
strates by microsomal cytochrome reductase when either potas. 
sium ferricyanide or oxygen is used as the electron acceptor, 
The absence of the amino group from the adenine moiety of 
DPNH has no effect on the reaction rate. However, changes 
in the nicotinamide structure such as substitution of the amide 
group by an acetyl or aldehyde group markedly decreases the 
rate of oxidation of the nucleotide. All of the nucleotide ana- 
logues of DPNH which were tested are oxidized much more 
slowly when oxygen is the electron acceptor than when potassium 
ferricyanide is used. The dinucleotide structure is essential for 
substrate oxidation; reduced NMN is not oxidized. 

TPNH is oxidized extremely slowly with either potassium 
ferricyanide or oxygen as electron acceptor (Table I). Compared 
to DPNH, there is a striking difference in the relative rates at 
which TPNH is oxidized with the two electron acceptors. With 
potassium ferricyanide TPNH is oxidized at only approximately 
0.0003 times the rate of DPNH oxidation, whereas the rate of 
TPNH oxidation with oxygen as electron acceptor is more than 
double that of DPNH. The oxidation of TPNH, like that of 
DPNH (3, 4), requires a free sulfhydryl group on the enzyme, 
Slightly more than 1 equivalent of sodium p-chloromercuriben- 
zoate per mole of enzyme completely inhibits TPNH oxidation. 
In contrast to observations with DPNH (2), the prior addition 
of TPNH to the enzyme, aerobically or anaerobically, does not 
protect the essential sulfhydryl group from reaction with sodium 
p-chloromercuribenzoate. 

Inhibition of DPNH Oxidation by Various Nucleotides—The 
inhibition of DPNH oxidation by various nucleotides in a mi- 
crosomal cytochrome reductase system with potassium ferricya- 
nide as electron acceptor is shown in Table II. Analogues of 
DPNH which are oxidized slowly are effective inhibitors. The 
oxidized substrate, DPN, causes an appreciable inhibition only 
at relatively high concentrations. Reduced NMN, which is not 
oxidized, or NMN causes little inhibition at concentrations 20 to 


TaB_e II 


Inhibition of DPNH oxidation by various nucleotides with 
potassium ferricyanide as electron acceptor 





Concentration |Concentration | 

















Nucleotide of nucleotide | of DPNH | Inhibition* 
M | M % 

3-Acetylpyridine analogue 5X 10° | 5 X 10-5 53 

of DPNH 
3-Pyridinealdehyde ana- | 1.2 10-* | 5 X 10°5 | 89 

logue of DPNH 
DPN 1.5 xX 10°? | 5 X 10-5 0 
Reduced NMN + AMP 2X 10°? | 5 xX 10-5 18 
NMN 3 X 10% | 3 X 10-5 15 
N-Methy] nicotinamide 5 X 10°? | 5 X 10-5 15 
N-Ethy] nicotinamide | 5X 10? | 5X 10% 23 
AMP | 5X 10°? | 5 X 10°5 35 
ATP | 38x 10* | 5x 10° 15 
IDP 10° | 5 X 10-5 23 
ADP 10-7 | 5 X 10-5 35 
Adenosinediphosphate 3X 10-* | 5 X 10-5 40 

ribose 








* The oxidation of DPNH was measured in the standard assay 
system described earlier in which the total concentration of nu- 
cleotides indicated was substituted for DPNH. 
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100 times higher than the concentrations of DPNH analogues 
that yield a marked inhibition. Of the other nucleotides tested 
adenosinediphosphate ribose and ADP were the most effective 
inhibitors of DPNH oxidation. Fig. 2 shows that the inhibition 
of DPNH oxidation by adenosinediphosphate ribose is competi- 
tive with respect to DPNH. 

If, instead of potassium ferricyanide, oxygen is used as elec- 
tron acceptor the two nucleotides ADP and adenosinediphos- 
phate ribose cause no inhibition of DPNH oxidation by micro- 
somal cytochrome reductase at concentrations that cause an 
appreciable inhibition with potassium ferricyanide (Table III). 
At relatively high concentrations the two nucleotides increase 
the rate of DPNH oxidation by oxygen (Table III). Since the 
catalytic activity of the enzyme is very much lower with oxygen 
than with potassium ferricyanide as electron acceptor (Table IT), 
the limiting step in DPNH oxidation when oxygen is the electron 
acceptor must be the reoxidation of the reduced enzyme. The 
effect of high concentrations of ADP and adenosinediphosphate 
ribose may therefore be to accelerate this reaction by affecting 
DPN binding to the reduced enzyme. 

Stoichiometric Reactions of DPNH Analogues with Microsomal 
Cytochrome Reductase—The spectral changes obtained by adding 
the 3-acetylpyridine and deamino analogues of DPNH to mi- 
crosomal cytochrome reductase under anaerobic conditions are 
shown in Fig. 3. Curves 2 and 3, the difference spectra between 
oxidized enzyme and enzyme after the addition of each of these 
two analogues, are almost identical with the difference spectrum 
obtained with the enzyme in the presence or absence of DPNH 
(Curve 1). Both analogues react with the enzyme to reduce the 
flavin and form stable complexes characterized by 315 my ab- 
sorption peaks. The fact that the 3-acetylpyridine analogue 
complex with the reduced enzyme has an absorption maximum 
at the same wave length as DPN is significant since the isolated, 
reduced form of this analogue has an absorption maximum at a 
higher wave length than DPNH (7). The addition of a 10- to 
20-fold molar excess of the 3-pyridinealdehyde analogue of 
DPNH to the reductase causes only approximately 40 to 60% 
reduction of the flavin. With this concentration of reduced 
nucleotide an accurate difference spectrum in the 290 to 400 mu 
region could not be obtained. Reduced NMN does not react 














_— T | T T T 
uJ 
kK 
2 240- : 
: 7 : 
ileal WY) \j60r Wt oats al 
MW — 
O 
=> 80+ a : 
Ss — 
“tena 
—|> ‘e) l 





| | i 1 
0 O2 O04 O06 O08 1 





l kai ® 
(DPNH) for 


_Fic. 2, Competitive inhibition of DPNH oxidation by adeno- 
sinediphosphate ribose. The procedure is described in the text. 


@—@, no adenosinediphosphate ribose; XX, 10~§ m adeno- 
sinediphosphate ribose; O——O, 10~* m adenosinediphosphate 
The enzyme concentration was 0.64 X 10-® m. 


ribose. 
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TaB_e III 


Effect of high concentrations of ADP and adenosinediphosphate 
ribose on DPNH oxidation with oxygen as electron acceptor 














Nucleotide addition Concentration of | Rate of oxidation* 
M % of control 
Adenosinediphosphate ribose 5 X 10-* 100 
Adenosinediphosphate ribose 8.5 X 10°? 225 
ADP 5 X 10-3 135 
ADP 8.5 X 10% 620 





* Assayed by the decrease in absorbancy at 340 my of 0.20-ml 
incubation mixtures containing 6 X 10-' m DPNH, 3.5 X 10-*m 
microsomal cytochrome reductase, nucleotide as indicated, and 
Tris acetate, pH 8.1 and 25°. 
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Fig. 3. Stoichiometric reactions of nucleotides with microsomal 
cytochrome reductase. Anaerobic systems, at 0 to 5°, containing 
0.20 ml of 0.1 m Tris acetate and 0.001 m ethylenediaminetetraace- 
tic acid, pH 8.1, were used (2). The difference spectra of 0.0035 
umole of enzyme reduced with 0.0027 umole of the particular nu- 
cleotides indicated below and 0.0035 umole of oxidized enzyme are 
plotted. Curve 1, DPNH; Curve 2, deamino analogue of DPNH; 
Curve $, 3-acetylpyridine analogue of DPNH; Curve 4, TPNH. 











with the reductase. The difference spectrum on adding reduced 
NMN to the enzyme is the spectrum of the free reduced nucleo- 
tide. 

Stoichiometric Reaction of TPNH with Microsomal Cytochrome 
Reductase—In anaerobic systems, TPNH slowly reduces the 
flavin of microsomal cytochrome reductase in about 10 minutes, 
but the 315 my absorption band is not formed (Fig. 3, Curve 4). 
The difference spectrum is almost identical with the difference 
spectrum that is obtained by adding partially reduced methyl 
viologen to the enzyme (2). Although reduction of the enzyme 
by the reduced dye is not affected by sodium p-chloromercuri- 
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benzoate (2), the reaction of the enzyme with TPNH is com- 
pletely inhibited by the mercurial reagent. When air is ad- 
mitted to the anaerobic cuvette after the flavin is reduced with 
TPNH, rapid oxidation of the flavin occurs and the reaction is 
complete in 1 minute or less. This rapid reoxidation is in direct 
contrast to the reoxidation of enzyme flavin after reduction with 
DPNH. Reduction of the flavin with DPNH is complete in 
less than 1 minute, but reoxidation by oxygen requires 15 to 20 
minutes at 0 to 5°. 

Direct evidence that TPN is not tightly bound to microsomal 
cytochrome reductase was obtained in an experiment similar to 
those used to demonstrate DPN binding. By substituting a 
glucose 6-phosphate dehydrogenase system, kindly supplied by 
Dr. Luis Glaser, for the yeast alcohol dehydrogenase system 
used in the experiments described in Fig. 1, and with the use of 
anaerobic cells to prevent oxidation of the enzyme flavin, it was 
found that a catalytic amount of TPN would cause the complete 
reduction of the flavin of microsomal cytochrome reductase by 
glucose 6-phosphate. The TPNH formed in the glucose 6-phos- 
phate dehydrogenase system thus reacts with the reductase to 
reduce the flavin and the TPN formed is released to undergo 
further oxidation-reduction cycles. The difference spectrum of 
microsomal cytochrome reductase in its oxidized form and re- 
duced by catalytic amounts of TPN and a glucose 6-phosphate 
dehydrogenase system is also identical with the difference spec- 
trum obtained by adding stoichiometric amounts of TPNH to 
the oxidized enzyme (Fig. 3, Curve 4). 

In Fig. 3 Curve 1 minus Curve 4 represents the difference in 
the difference spectra obtained with DPNH and TPNH. From 
the data presented here and previously (2) this curve would pre- 
sumably be the absorption spectrum of the DPN complex with 
reduced microsomal cytochrome reductase and indicates an ab- 
sorption maximum at 317 mu. 


DISCUSSION 


Since the original observations of Haas (8) that a red inter- 
mediate is formed when TPN is added to the old yellow enzyme 
under certain conditions, evidence for the formation of relatively 
stable complexes between flavoprotein enzymes and their sub- 
strates has accumulated (9-12, 2). The particular spectral and 
binding characteristics of the complexes formed between nucleo- 
tides and microsomal cytochrome reductase, however, are as yet 
unique to this flavin enzyme. As earlier work has shown (2) 
the nucleotide-enzyme complex formed by the addition of DPNH 
to microsomal cytochrome reductase has an absorption peak at 
315 my. Titrations of the enzyme with reduced methy] viologen 
and DPN (2) indicate that the 315 my absorption band results 
from DPN interaction with the reduced enzyme. Evidence has 
also been presented (2-4) that only one specific sulfhydryl group 
of the enzyme is involved in both the DPNH and the DPN 
interactions with the enzyme. 

The present results provide additional information on the na- 
ture of the interaction of nucleotides with microsomal cytochrome 
reductase. The experiments described in Fig. 1 show that the 
nucleotide is tightly bound to the reduced enzyme. It is clear 
that the amino group of the adenine moiety of DPNH and DPN 
is not necessary for this binding. The involvement of the pyri- 
dine ring in nucleotide binding to the enzyme is indicated, how- 
ever, by the spectral characteristics of the complexes of the 
enzyme with DPNH and with several of its analogues, by the 
effect of modifications of the pyridine ring on the rate of reduced 
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nucleotide oxidation in catalytic systems and by the observation 
that adenosinediphosphate ribose inhibits DPNH oxidation with 
potassium ferricyanide as electron acceptor only at relatively 
high concentrations. 

Several observations suggest that substrate groups other than 
the nicotinamide ring participate in nucleotide-enzyme interac- 
tions. NMWN and reduced NMN (2) do not react with the en- 
zyme. The inhibition of DPNH oxidation by the nucleotide 
components of DPNH, ADP, and adenosinediphosphate ribose, 
when potassium ferricyanide is used as electron acceptor, indi- 
cates that these groups are involved in nucleotide binding. The 
results with TPNH show that the rates of reaction of the reduced 
flavin with oxygen are increased when the oxidized nucleotide 
is not tightly bound to the reduced enzyme. The fact that 
DPNH oxidation with oxygen as electron acceptor is accelerated 
by high concentrations of ADP and adenosinediphosphate ribose, 
suggests that ADP and adenosinediphosphate ribose can displace 
DPN from the reduced enzyme at high concentrations possibly 
by occupying a common binding site or sites on the enzyme. 

A reaction mechanism is presented in Scheme 1 which is con- 
sistent with all of the existing information concerning nucleotide 
interactions with microsomal cytochrome reductase. Reactions 
1 and 2 show first the formation of an oxidized enzyme-DPNH 


Hs] FAD " HS +FADH, 
Ds | L-OPNH <>» | |-DPN 
wh di DPNH = HS4_ FS’ 4y* Hs-{ bs” 
® Fd 
TPNH SS. Fs ot 
HN os as rd 
: Pe 
TPN | OPN 
| 
HS+ PSH 
Geel 


ScuEeME 1. The bar represents the protein 


complex followed by the formation of the stable complex of re- 
duced enzyme and DPN. The possible association of the nucleo- 
tide with the protein involving substrate groups other than the 
nicotinamide portion of the molecule is indicated by solid lines 
to the protein. If the sulfhydryl group does participate directly 
in binding the substrate, the nicotinamide ring is the most likely 
site for the interaction. The data, however, do not exclude a 
more indirect role for the sulfhydryl group. When TPNH is 
the substrate (Reaction 3) reduced enzyme and free TPN are 
formed; no binding of TPN occurs. The addition of DPN to 
the reduced enzyme then yields the reduced complex (Reaction 
4). The broken line from DPN to reduced flavin in the complex, 
indicating an association of the two nucleotides, is based on two 
lines of evidence; (a) the slow reaction of the complex with 
oxygen and (b) the requirement of reduced flavin to form the 
DPN-enzyme complex (2). 

At least two groups of the enzyme-nucleotide complex, namely 
the nicotinamide ring of DPN and the isoalloxazine ring of 
flavin adenine dinucleotide, may be able to assume particular 
configurations that would absorb light in the 315 my region. 
Several properties of the complex favor the interpretation that 
the nicotinamide ring is involved in the increased light absorp- 
tion at this wave length. The fact that addition of DPN to the 


reduced enzyme causes no change in the reduced flavin spectrum 
at other wave lengths (2), which are sensitive to changes in iso- 
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alloxazine ring structure, would seem to indicate that the flavin 
js not directly involved in the increased light absorption at 315 
mu. The increase in absorbancy at 317 mu on adding DPN to 
reduced enzyme is nearly the same as the absorbancy of an 
equivalent amount of DPNH at 340 mu. A number of addition 
complexes of DPN are similar in this respect (13-15). The ab- 
sorption maximum of the intermediate is also in the region of 
light absorption by the DPN complexes with a number of re- 
agents (13-15). Finally, the pyridine ring of DPN and its ana- 
logues might be expected to assume the same double bond con- 
figuration when bound to the reduced enzyme giving rise to 
identical absorption spectra for the substrate-reduced enzyme 
intermediates. The addition of the 3-acetylpyridine analogue 
of DPNH, which has an absorption maximum at 365 mu (7), to 
the enzyme does in fact give rise to a protein complex with the 
same 315 mu absorption band that is formed with DPNH. 


SUMMARY 


1. Direct evidence for nucleotide binding to microsomal cyto- 
chrome reductase has been obtained. 

2. Reduced triphosphopyridine nucleotide, analogues of re- 
duced diphosphopyridine nucleotide and other nucleotides have 
been used to demonstrate the participation of various nucleotide 
groups in nucleotide interactions with the enzyme. 

3. Protein groups other than the essential sulfhydryl group 
have been implicated in nucleotide binding by the characteristics 
of nucleotide interactions with the enzyme. 
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4. The significance of these data for the mechanism of nucleo- 
tide-enzyme interactions is discussed. 
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Crude liver preparations decompose urocanate to a compound 
which, upon alkaline hydrolysis, produces ammonia, formic acid, 
and glutamic acid (1). Upon the basis of titration data, Walker 
and Schmidt (2) suggested that this compound is N-formimino- 
L-glutamic acid. That this is correct has been established by 
the isolation of the crystalline compound, and its comparison 
with synthetically prepared formiminoglutamic acid on the basis 
of chemical analysis, titration characteristics, and optical proper- 
ties (3-5). 

A partially purified urocanase preparation has been obtained 
that does not form formiminoglutamic acid. Instead the end 
product of its action is a material with an absorption curve in the 
ultraviolet, having a maximum at 264 mu (Unknown I). Experi- 
ments were designed to identify as fully as possible this reaction 
product and also a decomposition product formed nonenzymically 
from the material resulting from the action of the partially puri- 
fied urocanase (Unknown II). 

Evidence has been secured that the first unknown (I) may be 
imidazolonepropionic acid and the second unknown (II) formyl- 
isoglutamine. A preliminary report on these conclusions has 
been published (6). 


EXPERIMENTAL 


Materials and Methods 


a-C-urocanic acid was prepared from labeled pt-histidine by 
reaction with guinea pig liver histidase (7). The enzymic prepa- 
ration was identical with a synthetic product purchased from the 
California Foundation for Biochemical Research with respect to 
ultraviolet absorption spectrum and behavior on paper chroma- 
tography. 

To purify and isolate a-C'-urocanate,? paper electrophoresis 
was utilized, with the use of the apparatus of Crestfield and Allen 
(8). The sample was dried on a narrow strip of paper, and this 
was applied to a sheet of washed Whatman No. 1 filter paper pre- 


* Aided by research grants from the National Cancer Institute 
(CY-3175), the National Heart Institute (H-3074), National Insti- 
tutes of Health, and the Cancer Research Funds of the University 
of California. 

¢ Prepared from a thesis for the degree of Doctor of Philosophy 
submitted to the Graduate Division, University of California, 
January, 1958. Microfilm or photostatic copies can be obtained 
on order from the University of California library. Present ad- 
dress: Oklahoma Medical Research Foundation, 825 NE 13th, 
Oklahoma City, Oklahoma. 

1 Also named formimino-L-glutamic acid and .L-formamidine- 
glutaric acid. 

2 In more recent work in this laboratory the C'4-urocanate has 
been isolated and separated from the p-histidine by ion exchange 
chromatography on IRC 50-XE-64 resin (buffered at pH 4.8 with 
sodium acetate-acetic acid) and elution with 0.1 N acetic acid. 
D. R. Rao and D. M. Greenberg, unpublished results. 


viously equilibrated with triethylammonium acetate buffer (pH 
4.6, ionic strength 0.2). This pH is in the isoelectric region of 
urocanic acid. After electrophoresis at high voltage (e.g. 1000 
volts for 2 hours) the urocanate is freed of ionic impurities. The 
paper was then dried by running hot water through the circulat- 
ing system to volatilize the solvent and buffer, and photographed 
under an ultraviolet lamp to locate the urocanate zone. The 
zone was cut out in a rectangular strip, one end of which was 
trimmed to a point.* The paper was put point up into a small 
beaker to which water was added. The solute was concentrated 
at the point by capillary ascent of the water with concurrent 
evaporation. The tips of a number of such strips were cut off 
and applied to a filter paper strip equilibrated with the same 
buffer system as above, but now at pH 9.2, and the urocanate on 
the paper subjected to electrophoresis at a potential of 500 volts 
for 2 hours. The urocanate was then located and eluted as be- 
fore.‘ 

Chromatography—Imidazole compounds were detected with 
the diazotized sulfanilic acid reagent of Taurog and Chaikoff 
(9). Amidine compounds were detected with a ferricyanide- 
nitroprusside reagent (10). Ninhydrin was used to detect amines 
and formiminoglutamic acid (after heating the latter for 20 min- 
utes at 90°). To detect formylisoglutamine and compounds not 
reacting with the above reagents, the chlorine, and starch-iodide 
procedure of Rydon and Smith was used (11). 

Radioactivity on chromatograms and electrophoretic chro- 
matograms was determined by radioautography and by a re- 
cording thin end window Geiger-Miiller counter for scanning 
paper strips. 

Assay of Urocanase—Urocanase was determined by following 
the disappearance of absorbance at 277 my as described by Tabor 
and Mehler (12). Urocanase preparation (0.05 to 0.2 ml), 
0.1 umole of urocanate, and 100 uwmoles of triethanolamine hy- 
drochloride buffer pH 8.1, in a total volume of 3 ml, were incu- 
bated in the cuvette of a Beckman DU spectrophotometer. The 
blank consisted of enzyme and buffer with no substrate. The 
slope of the absorbance-time curve was proportional to the en- 
zyme activity for up to two-thirds of the completion of the reac- 
tion. 


3 The wick elution technique was personally communicated by 
A. M. Crestfield. 

4 Both synthetic and enzymically prepared urocanic acid gave 
two zones upon electrophoresis at pH 4.6, but not at pH 9.2. 
Only one area was observed upon paper chromatography with 
tert-butanol-formic acid-water (70:15:15). The spectra and rate 
of the enzymic decomposition of the two zones formed by electro- 
phoresis at pH 4.6 were identical. Repeated electrophoresis of 
the eluates of each of the two zones at pH 4.6 again gave separation 
into two zones each. It may be conjectured that the two zones 
represent two forms of urocanic acid which equilibrate very slowly 
at this pH. 


2670 








Octo 


Thi 
amou 
of 0.0 
tivity 
appro 
numb 
lated 


Me 
both s 
was fe 
higher 
theref 
ing pu 
ficatio 

Fre: 
ing Bl 
1200 | 
kaolin 
20 mit 
by cer 
purific 
at 5°. 

Sup 
at red 
bento1 
sion) 
added 
was al 
was tl 
for 1 h 
Solid ¢ 
mixtur 
was al 
2500 > 
nium s 
to star 
The pr 
moniu! 
ated ce 
(Super 

Frac 
of bent 
ter (E3 
ter (Ey 
tate w: 
Extrac 
natant 
frozen. 
prepar: 

Effor 

5 Th 
of ethy 
tion ste 
gel afte 
subsequ 
purifies 
ing on | 
publish 


5 All 
K:HPO 








(pH 
n of 
000 
The 
ilat- 
yhed 
The 
was 
mall 
ated 
Tent 
t off 
same 
Le on 
volts 
s be- 


with 
ikoff 
nide- 
nines 
min- 
s not 


odide 


chro- 
a Te- 
nning 


Wing 
labor 
ml), 
e- hy- 
incu- 
The 
The 
he en- 
» reac: 


ted by 


1 gave 
H 9.2. 
y with 
id rate 
lectro- 
esis of 
sration 
» zones 
slowly 








October 1959 


The urocanase unit of Tabor and Mehler (12), namely, the 
amount of enzyme causing a decrease in absorbance at 277 mu 
of 0.001 per minute at 25°, was used as a measure of enzyme ac- 
tivity. The temperature in the present measurements was only 
approximately 25°. Specific activity of the urocanase is the 
number of enzyme units per mg of protein. Protein was calcu- 
lated from the ultraviolet absorption at 280 and 260 my (13). 


Purification of Urocanase® 


Methods for the purification of urocananse were tested with 
both sheep and beef liver. The enzyme obtained from the latter 
was found to be more stable to elevated temperatures and gave 
higher specific activities. Further work with sheep liver was 
therefore abandoned; however, the behavior of the enzyme dur- 
ing purification was very similar to that of beef liver. The puri- 
fication procedure used is described below. 

Fresh or frozen beef liver (1200 g) was comminuted in a War- 
ing Blendor with 3 volumes of 0.25 m sucrose and centrifuged at 
1200 X g. To the supernatant fluid were added 11 g of washed 
kaolin per 100 ml of sucrose homogenate. After standing for 
20 minutes the supernatant fluid (Supernatant A) was separated 
by centrifugation. The treatment with kaolin did not result in 
purification, although it increased the stability of the enzyme 
at 5°. 

Supernatant A was agitated in a Waring Blendor operated 
at reduced speed, while 150 g per liter of a 1:1 mixture of U.S.P. 
bentonite (Fisher Scientific Company, Eimer and Amend Divi- 
sion) and Hyflo Super-Cel (Johns-Manville) were gradually 
added. Agitation was continued for 1 minute and the mixture 
was allowed to stand for 20 to 90 minutes at 5°. The material 
was then centrifuged in an anglehead centrifuge at 2500 x g 
for 1 hour and the supernatant liquor (Supernatant B) collected. 
Solid ammonium sulfate was added to 35% saturation and the 
mixture was adjusted to pH 6.8 with 1 m K.HPO,. The mixture 
was allowed to stand overnight at 5° and then centrifuged at 
2500 X g. The supernatant fluid was brought to 50% ammo- 
nium sulfate saturation and adjusted® to pH 7.0. It was allowed 
to stand overnight at 5° and centrifuged as above for 1 hour. 
The precipitate was collected, washed with 50% saturated am- 
monium sulfate at pH 7.0, and centrifuged in a Servall refriger- 
ated centrifuge at 28,000 X g for 30 minutes. The supernatant 
(Supernatant C) was discarded. 

Fractional Extraction—The washed precipitate (from 1800 ml 
of bentonite-treated supernate) was extracted with 18 ml of wa- 
ter (Extract 1) centrifuged and re-extracted with 18 ml of wa- 
ter (Extract 2). The mixture was centrifuged and the precipi- 
tate was dissolved completely in 20 ml of water (Extract 3). 
Extract 3 contained 63% of the urocanase activity of Super- 
natant A and was increased 30-fold in purity. It was stored 
frozen. The purification and yields achieved in the different 
preparative stages are shown in Table I. 

Efforts to achieve further purification by fractionation with 


5 The purification procedure has now been modified by addition 
of ethylenediaminetetraacetate to the solutions in all fractiona- 
tion steps and by using negative adsorption on calcium phosphate 
gel after the first ammonium sulfate precipitation followed by 
subsequent ammonium sulfate fractionations. The over-all 
purification in several runs has varied from 50- to 80-fold depend- 
ing on the initial activity. D.R. Rao and D. M. Greenberg, un- 
published results. 


6 All ammonium sulfate solutions were neutralized with 1 m 
K:HPO,. 


R. H. Feinberg and D. M. Greenberg 
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TaBLeE I 
Purification of beef urocanase 








Enzyme fraction Specific activity Yield* 
| 
units/mg protein % 
Supernatant Af...... | 5.74 100 
Supernatant B........ 23.0 82 





Supernatant C........ 5.34 
Oe eee 6.66 
|, ee 12.9 7 
| re | 173 63 





* Letting Supernatant A represent 100%. 
+ Supernatant A was clarified for assay by passing through a 
small Seitz filter pad. 
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Fig. 1. pH-activity curve of beef urocanase. System con- 
sisted of 0.1 wmole of urocanate, 0.05 m buffer (either triethanola- 
mine hydrochloride* (©)), and 1.3 mg of beef urocanase (Extract 
3). Total volume was 3.0 ml. Incubation temperature, 23°. 


* Triethanolamine hydrochloride buffer concentration is given 
as the molarity of chloride, which was kept constant to give con- 
stant ionic strength. 


ethanol or acetone, by adsorption with gels of calcium phosphate, 
zinc hydroxide and alumina gel Cy, and by fractional precipita- 
tion with protamine sulfate were unsuccessful either because of a 
low degree of purification, poor enzyme recovery, or lack of re- 
producibility of the procedure. 


Properties of Beef Urocanase 


Stability—The enzyme was fairly stable in neutral solution 
and became increasingly unstable as the acidity was increased; 
50% of the activity was lost on 10 minutes’ exposure at pH 5.2. 
Crude preparations of beef urocanase were relatively stable to 
elevated temperatures. At 50° and pH 6.3 there was almost no 
loss in activity after 10 minutes’ exposure. At 55°, approxi- 
mately two-thirds of the enzyme was destroyed in 5 minutes. 

The beef urocanase kept well in the frozen state for many 
months, but deteriorated in a few days in solution at 5°. 

pH-Activity—The pH-activity curve of beef urocanase is shown 
in Fig.1. The enzyme exhibited a broad pH optimum, extending 


from about pH 6.8 to 7.6. 
Michaelis Constant—The absorption curves of urocanate and 
its enzymic decomposition product are given in Fig. 2. 


It was 
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Fig. 2. Spectrum of incubation mixture and zero time control. 
Zero time curve was obtained by reading the absorbance of a solu- 
tion containing urocanate and buffer against a blank containing 
only buffer. The curve labeled ‘“‘after incubation’? was obtained 
by reading absorbance of the complete mixture against a blank 
containing buffer and enzyme after an incubation period of 75 
minutes at room temperature. A 1-cm silica cuvette contained 
0.01 m triethanolamine hydrochloride pH 8.1, 0.1 umole of uro- 
canate and 1.3 mg of beef urocanase (Extract 3) in a total volume 
of 3.0 ml. 
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Fig. 3. Lineweaver-Burk plot of reciprocal of reaction velocity 
against reciprocal of substrate concentration for beef urocanase. 
Silica cuvettes of 10 cm light path were used. Incubation mix- 
tures were read against enzyme blank with photomultiplier- 
equipped Beckman DU spectrophotometer. Urocanate concen- 
tration was calculated for each point from optical density with 
correction as explained in the text. 


possible to calculate the urocanate concentration at any given 
time during incubation from the optical density of the solution 
by applying a small correction for the residual absorbance of the 
enzymic product as described for mixtures of absorbing materials 
The rates of decomposition of urocanate by urocanase 


(14). 
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were determined with silica cuvettes of 10 cm light path at suffi- 
ciently low urocanate concentration to estimate the Michaelis 
constant for the latter. Optical density-time curves were ob- 
tained with three different initial urocanate concentrations. At 
points midway between each pair of recorded points, the sub. 
strate concentrations were calculated from the interpolated opti- 
cal density values and the reaction rates were determined from 
the slopes. From these data a double reciprocal plot was pre- 
pared and the Michaelis constant was evaluated by the method 
of Dixon (15) (Fig. 3). The calculated value of K, was 1.5 x 
10-* . 

Inhibitors—The action of urocanase was found to be inhibited 
by some but not all agents reacting with thiols and agents react- 
ing with carbonyl groups (Table II). Thus p-chloromercuriben- 
zoate and KMn0, caused inhibition, but iodosobenzoate, Cu*, 
and H.O, did not. Inhibition by p-chloromercuribenzoate wag 
partially reversed by incubation with an excess of glutathione, 
The action of this sulfhydryl reagent was shown not to be due to 
reaction with urocanate. 

Semicarbazide and hydroxylamine also were inhibitory (Ta- 
ble II). A possible explanation for these findings, namely that 
an inhibitory oxime or semicarbazone of an enzymic intermediate 
or product was formed was excluded by testing the inhibiting 
effect of hydroxylamine in the presence of increasing concentra- 
tions of products of urocanase activity. To a mixture containing 
urocanase, buffer, and a partially inhibiting concentration of hy- 
droxylamine (5 X 10~* M) urocanate was added serially 6 times, 
Each addition was followed by incubation to completion. The 
course of the reaction was followed spectrophotometrically at 
277 mu. The degree of inhibition during the 6th incubation was 
identical to that during the 1st incubation. 

Enzymic Formation of I—This was determined optically by 
the simultaneous equation method for mixtures of absorbing 


TaBe II 
Inhibitors of beef urocanase 
Conditions: 0.1 ml of enzyme (dialyzed bentonite supernate) 
inhibitor and triethanolamine hydrochloride buffer pH 8.1, in 28 
ml total volume, were preincubated for 10 minutes and 0.2 ml 
containing 0.1 ymole of urocanate was added. Disappearance 
of 277 mp absorbance was measured in a Beckman DU spectro- 
photometer for 20 minutes. Hydroxylamine was freshly neutral- 











ized. 
Inhibitor Concentration | Inhibition 
M % 
p-Chloromercuriben- 1.2 X 10° 30 
zoate 

| 2.4 X 10-4 55 
| 1.2 X 10°% 93 
KMn0, 1X 10-4 13 
1X 10°% 87 
H,0:2 4X 10° 0 
Iodosobenzoate 1 X 10° 0 
Cut** 1 X 10°* 4 
Hydroxylamine 5 X 10° 45 
1 X 10 53 
2X 10 64 
Semicarbazide 5 X 10-3 38 
1 X 10°? 64 
3.3 X 10°? 76 
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substances (14). Because of the high urocanate absorption, 
measurements were taken on the shoulders of the peaks rather 
than at the maxima. The wave lengths of 250 and 290 my were 
chosen. The calculated concentration of urocanate and the 
absorbance at 250 my, corrected for the contribution of urocan- 
ate, are shown in Fig. 4. The correction for urocanate varies 
from 100 to 0.0%, but due to the low yield of absorbance of the 
product (Fig. 2) the correction remains large during most of the 
experiment shown in Fig. 4 (e.g. at 22 minutes the correction 
amounts to 29% of the total absorbance at 250 my). The figure 
shows that when incubated with urocanase, urocanate decreased 
and the corrected absorbance at 250 my increased correspond- 
ingly. This shows that the increase in I is related in time to the 
decomposition of urocanate and suggests that I could be the re- 
action product of urocanate. 

Enzymic and Nonenzymic Decomposition of I—One test of 
whether I is a true intermediate in the enzymic decomposition 
of urocanate was to determine if it were further metabolized by 
liver enzymes. 

For this experiment 1 umole of urocanate was incubated with 
the urocanase preparation until the urocanate was completely 
decomposed, as evidenced by the decreased rate of disappearance 
of absorbance and the changed absorption spectrum. Addition 
of the crude supernatant fluid of rat liver homogenate greatly 
increased the rate of disappearance of the absorption at 264 mu 
(Fig. 5), showing that I was acted on by enzymes in the liver. 

It was noted that the absorbance at 264 my decreased at a 
moderate rate with no further additions. 
parent that this decrease is nonenzymic. 


Later it became ap- 
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Fic. 4. Optical absorption changes with time of incubation of 
urocanic acid. Ascending curve is optical density at 250 my cor- 
rected for the contributions of urocanic acid. Descending curve 
is the concentration of urocanate remaining in the cuvette. Cu- 
vette contained 0.15 umole of urocanate, 0.033 m phosphate buffer 
pH 7.0, and 0.65 mg of urocanase (Extract 3) in 3.0 ml. 
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Fic. 5. Rate of disappearance of 265 my absorption with time. 
Cuvette contained 1 yzmole of urocanate, 0.05 m phosphate buffer 
pH 7.0, 2.6 mg. of beef urocanase (Extract 3) in a total volume of 
3.0 ml. The measurement of absorption started at 1 hour, after 
urocanate was completely utilized. At the point indicated, 0.1 
ml of crude rat extract was added. 


Chromatography and Zone Electrophoresis of Unknown Products 
Formed from Urocanate’—These experiments, designed to isolate 
and identify the unknown reaction products, were carried out on 
radioactive material produced by the anaerobic incubation of 
0.5 umole of C-urocanate with urocanase in phosphate buffer 
at pH 7.3. At the end of the incubation, when the absorbance 
at 277 my reached its low point, the spectrum was run against 
enzyme blanks. Protein was removed with boiling methanol, 
the methanol evaporated off, and the mixture lyophilized. The 
residue was extracted with methanol (containing 1% NHs3;) and 
then reextracted with water and plated for radioactive counting. 
The extracts were concentrated into wick tips and these trans- 
ferred to electrophoresis papers. Electrophoresis was performed 
with picrate as a marker and was continued until the picrate 
reached the end of the paper. The electrophoresis sheets were 
dried and scanned on a Geiger-Miiller strip counter and a radio- 
autogram prepared. The relative mobilities observed are shown 
in Table III along with those of known compounds. Two major 
radioactive zones were found, one (I, isoelectric zone) with the 
same mobility as urocanic acid and the other (II, anionic zone) 
with a mobility only slightly less than that of formiminoglutamic 
acid. 

The eluates of the zones from the two extracts were combined 
and chromatographed on washed Whatman No. 1 filter paper 
with n-propanol-1 N acetic acid (3:1). The chromatograms were 


7D. D. Brown (National Institute of Mental Health, Bethesda, 
Maryland) has observed and we have confirmed that the suspected 
intermediate I is stable in acid below pH 3. The absorption maxi- 
mum of the unknown is changed from 264 my in slightly alkaline 
solution to 234 my in acid solution. D.R. Rao and D. M. Green- 
berg, unpublished results. 
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TaB_e III 


Relative zonal movment with chromatography and 
electrophoresis on paper 























| Chromatography? 

| Electrophoresis 

(pH 4.6)° 

Substance Solvent A| Solvent B 
Ruro® Ruro Rpic 

EP ee eee ree 1.0 1.0 0, 0.05 
N-Formiminoglutamic acid....... 0.52 0.82 
Formylglutamic acid?............ 0.82 
ee 0.26 
Formy]-.-isoglutamine’........... 0.93 0.95 0.75 
Isoelectric fraction (Unknown I)..| 0.95 | 0.01 
Anionic fraction (Unknown II)...| 0.91 | 0.97 0.74 





@ Solvent A: n-propanol-1l N acetic acid (3:1). 
Solvent B: tert-butanol-formic acid-water (14:3:3). 
> Electrophoresis medium: 0.2 m triethylammonium acetate. 
¢Ruro and R,;. are movements relative to urocanic acid and 
picrate, respectively. 
4 Kindly furnished by Dr. H. Tabor. 
¢ Kindly furnished by Drs. A. Miller and H. Waelsch. 


photographed by ultraviolet light and scanned for radioactivity. 
The Ry values obtained are shown in Table III. Synthetic 
formiminoglutamic acid was run on the same paper and detected 
with ferricyanide-nitroprusside spray. Table III shows that the 
relative zonal movements of the two radioactive compounds are 
similar to that of urocanate and quite different from formimino- 
glutamic acid. 

With the purified urocanase no formiminoglutamic acid was 
detected in several experiments under varying experimental con- 
ditions. 

Table III shows that the material in the anionic zone (II) was 
indistinguishable from synthetic formylisoglutamine by chroma- 
tography or electrophoresis. 

The electrophoretic spots were next cut out and their spectra 
determined on a Beckman DU spectrophotometer. This demon- 
strated that Unknown I is the metabolite with the ultraviolet 
absorption peak at 264 mu. Unknown II showed only an end 
absorption, starting at 300 my and rising very rapidly between 
250 and 210 mu. 

Conversion of Isoelectric to Anionic Substance—An aged prepa- 
ration of the material in the isoelectric zone labeled with C™ 
which had been stored frozen for 2 weeks, when resubjected to 
electrophoresis, showed a substantial conversion to II, as judged 
by electrophoretic mobility and absorption spectrum. 

Detection of formiminoglutamic acid by chemical means was 
also attempted. Incubation mixtures of purified urocanase with 
urocanate were chromatographed with propanol-1 N acetic acid 
(3:1) as solvent and sprayed with ferricyanide-nitroprusside re- 
agent, and in other experiments with ninhydrin. No formimino- 
glutamic acid was detected under conditions which would have 
allowed detection of a 10% yield. Added synthetic formimino- 
glutamic acid was recovered satisfactorily. When urocanate was 
incubated with crude liver homogenate and the mixture treated 
as above, formiminoglutamic acid was detected. 

Color Reactions of Unknown Products—Samples of the two 
electrophoretic fractions dried on Whatman No. 1 filter paper 
yielded the following results when sprayed with various color 
reagents. No color with ninhydrin was obtained with either 
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fraction after 5 minutes heating at 90°, but on heating for 20 
minutes a typical purple color developed with II. Formimino- 
glutamic acid and formylisoglutamine react similarly under these 
conditions; I only yielded a faint purple color. Spraying witha 
ferric chloride reagent produced no color with either unknown, 
On spraying with alkaline ferricyanide-nitroprusside reagent, I] 
developed a transient faint orange color and I developed no color, 
Formiminoglutamic acid gives a more permanent and deep orange 
color with this reagent. 

Comparison with Model Imidazolone Compound—Attempts to 
synthesize imidazolonepropionic acid, often proposed as an in- 
termediate of urocanase action (16), were unsuccessful in our 
laboratories as it has been in attempts by others. Because of 
this the model compound, 2-methyl-4(5)imidazolone-5(4) propio- 
nate ethyl ester, was synthesized* for comparison with I. This 
compound gave an absorption curve in the ultraviolet region with 
a peak at 230 my and a molar extinction coefficient of 8.9 x 10°. 
This compound was negative to the ninhydrin test unless auto- 
claved at 15 pounds pressure for 10 minutes, and also negative 
to the alkaline ferricyanide-nitroprusside test. At a high con- 
centration it yielded a yellow color with the diazo reagent. 
Freter et al. (17) have subsequently synthesized 4(5)-imidazolone 
in solution. The utraviolet absorption curve of this material 
exhibited a maximum at about 260 my in alkaline solution. 

Oxidation of Unknown I by Reducing Agents—Miller and 
Waelsch (18) reported that urocanate incubated with cat liver 
urocanase reduced such hydrogen acceptors as 2,6-dichlorophe- 
nolindophenol and ferricyanide. On the basis of this observa- 
tion they formulated the hypothesis that formation of oxidized 
urocanate and reduced enzyme was an intermediate step in the 
urocanase reaction. This may be represented by the following 
equations: 


E + UCA 
EH:2-OxUCA — E + IP (2) 


— EH:2-OxUCA (1) 


where E = enzyme, UCA = urocanic acid, OxUCA = oxidized 
intermediate, and IP = imidazolonepropionic acid. 

Reduction of dichlorophenolindophenol dye and ferricyanide 
was confirmed with our beef liver urocanase preparation and the 
yields (i.e. ratio of moles of dye reduced to moles of urocanate 
decomposed) were higher than those reported by Miller and 
Waelsch. 

It was observed that when dye was added after the urocanate 
was exhausted a substantial reduction was obtained in a few 
minutes (e.g. 0.16 wmoles of dye reduced in 4 minutes in one ex- 
periment). 

To study what substance was reacting with the dye, the 
changes in ultraviolet absorption spectrum were measured, with 
ferricyanide as the hydrogen acceptor. This does not interfere 
with the ultraviolet spectrophotometry, in contrast to the indo- 
phenol dye. Urocanate was incubated with urocanase until the 
substrate was exhausted and then ferricyanide was added small 
portions ata time. The results obtained by plotting the optical 
density at 264 my against time indicated are shown in Fig. 6. 
The line represented by the filled circles shows the usual spon- 
taneous decrease in the optical density. Upon addition of ferri- 
cyanide (open circles), indicated by the arrows, there is an in- 
stantaneous drop in optical density. 

Study of the stoichiometry of the reaction (Table IV) showed 


8D. Morrison, unpublished experiments. 
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that high concentrations of ferricyanide and low urocanase con- 
centrations tended to increase the amount of ferricyanide re- 
duced. The maximum obtained was 1.68 moles of ferricyanide 
per mole of urocanate consumed. Presumably the true reaction 
consists of an oxidation with utilization of 2 moles of ferricyanide 
per mole of intermediate. The spontaneous decomposition of 
the intermediate decreased this value to below 2 moles. 

To demonstrate that the urocanase took no part in the reduc- 
tion of the dye, it was necessary to prepare deproteinized incuba- 
tion mixtures without complete loss of the 264 my-absorbing 
substance. This was accomplished by shaking with chloro- 
form at 50° and by rapid deproteinization with cold trichloroacetic 
acid. Dye reduction proceeded rapidly in the deproteinized solu- 
tion, showing that this reaction can proceed nonenzymically. 


DISCUSSION 


The purification of beef liver urocanase achieved was 30-fold. 
This represents a considerable improvement over the best re- 
ported preparation previous to the time this work was performed, 
which had an 11-fold enhanced activity (19). Since then Robin- 
son (20) has reported (in abstract form) an 800-fold purification 
of the enzyme in chicken liver. 

The Michaelis constant (K,, = 1.5 X 10~* m) for urocanate is 
relatively low compared to that reported for many other enzyme 
substrate systems. 

The inhibition of urocanase by p-chloromercuribenzoate and 
its partial reversal by glutathione suggest that urocanase is a 
sulfhydryl enzyme. Lack of inhibition by other known inhibi- 
tors of SH enzymes tried, may be due to steric factors. Miller 
and Waelsch (18) recently observed inhibition of cat liver uro- 
canase by p-chloromercuribenzoate, but they failed to obtain 
reversal by glutathione. 

The inhibition of urocanase by the carbonyl reagents, semi- 
carbazide and hydroxylamine, is interesting. Inhibition of cat 
liver urocanase was reported to occur with hydroxylamine, cya- 
nide, hydrosulfite and bisulfite, but not with semicarbazide (18). 
Inhibition of pyridoxal phosphate-mediated enzymes by carbonyl 
reagents has often been observed. However, much more evi- 
dence is required to establish that pyridoxal phosphate may be a 
cofactor for urocanase. 

The present enzyme preparation seems to represent the first 
enzyme of a multienzyme system. This is shown by the accumu- 
lation of a product with an ultraviolet absorption curve having a 
maximum at 264 mu, and failure of the present enzyme prepara- 
tion to decompose the urocanate to formiminoglutamic acid, the 
product of crude liver extract action. Similar findings have been 
made with a diluted extract of Aerobacter aerogenes by Revel and 
Magasanik (21). Instead there is formed an unknown intermedi- 
ate, having an absorption maximum at 264 my (Unknown J). 
This decomposes spontaneously and nonenzymically into another 
compound exhibiting only an end absorption (Unknown II). 
Unknown I does not have a free amine, amidine, or imidazole 
group and is isoelectric at pH 4.6. It is unstable and decomposes 
spontaneously to II, which, likewise, does not have a free amino, 
free amidine, or imidazole group. Unknown II has a minus 
charge at pH 4.6 (determined by electrophoretic mobility). 

Unknown II, on the basis of comparison by paper chromatog- 
taphy with two solvents and electrophoresis, appears to be N- 
formylisoglutamine. This comparison extends to the end ab- 
sorption in the ultraviolet region. 

Reports of the isolation of formyl-p , L-isoglutamine from incu- 
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Fic. 6. The effect of addition of ferricyanide on the absorption 
of incubation mixtures of urocanic acid at 264 my. The incuba- 
tion mixture contained 0.5 umole of urocanate, 40 umoles of phos- 
phate buffer pH 7.1, and 2 mg of purified urocanase in a total 
volume of 2.9ml. Urocanate was exhausted at about 40 minutes 
(in line designated by ©). At the points indicated by arrows, 0.1 
ml (0.05 ymole) of potassium ferricyanide was added; @, same 
with no ferricyanide added; A, same with urocanate omitted. 
Readings are against enzyme blank at 25°. 





TaBLe IV 
Stoichiometry of ferricyanide reduction 
Conditions: Complete system consisted of: 0.1 mmole of phos- 
phate buffer pH 7.0, 5.2 mg of enzyme (Extract 3), 0.187 umole of 
urocanate, and 1.8 wmoles of potassium ferricyanide in 3.0 ml of 


water. Urocanate and ferricyanide disappearance were measured 
spectrophotometrically. 

















Urocanate Ferricyanide Molar 
reacted reduced ratio 
pmoles pmoles 

Complete system....... 0.187 0.315 1.68 
No urocanic acid....... 0 0 0 
BY MI, oso eva te 0 0 0 








bations of histidine and urocanate are numerous (22-25). It has 
been shown to be inactive microbiologically (3, 26, 27), and is 
probably an artifact caused by the nonenzymic decomposition 
of imidazolonepropionic acid. Since completion of the present 
work, Revel and Magasanik (21) have reported the isolation and 
chemical identification of both t-formylisoglutamine and p1L- 
formylisoglutamine from incubates of urocanic acid with extracts 
of Aerobacter aerogenes. The formation of II from I by aging 
is a substantial clue to the identity of the latter. In addition, 
its ultraviolet absorption characteristics, its lack of response to 
color reactions, and its instability lead to the tentative conclusion 
that I is 4(5)-imidazolone-5(4)-propionic acid. 

With its distinctive ultraviolet absorption peak, it was deter- 
mined that I was formed from urocanic acid with no appreciable 
time lag,® and that it was further enzymically utilized with crude 


® Because the curves of Fig. 4 are based on calculations of the 
relative absorbancies at 250 and 290 my, it is not possible to de- 
termine whether there is none or there is a slight time lag in the 
first few minutes of the reaction. 
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DiaGRamM 1 
Enzymic and non-enzymic decomposition of urocanic acid 


liver preparations. Unknown I, therefore, conforms to the ex- 
pected criteria of a true intermediate of urocanic acid metabolism. 

Diagram 1 summarizes the reactions believed to be involved 
in the metabolism of urocanic acid. The proposed scheme coin- 
cides exactly with the conclusions of Revel and Magasanik for the 
degradation of urocanic acid by their bacterial enzyme system. 
In this scheme urocanic acid is converted to imidazolonepropionic 
acid by urocanase. The latter is converted by a second enzyme 
to formiminoglutamic acid. A reasonable name for this enzyme 
would be imidazolonepropionic acid hydrolase. Imidazolone- 
propionic acid, alternatively, can spontaneously hydrolyze to 
N-formylisoglutamine. 

Ichihara et al. (28, 29) have shown that urocanate can be oxi- 
dized slowly by an enzyme system found in liver and bacteria. 
Since the dye reduction experiments showed that imidazolone- 
propionic acid can be readily oxidized, it is suggested that imida- 
zolonepropionic acid may also be an early intermediate of this 
oxidative pathway. 


SUMMARY 


Beef liver urocanase was purified 30-fold by a combination of 
adsorption on bentonite-Celite and differential salting out with 
ammonium sulfate. The pH optimum for enzyme activity was 
found to extend from 6.8 to 7.6. The Michaelis constant of the 
urocanate-urocanase enzyme-substrate complex was determined 
to be 1.5 X 10-*m. Urocanase was inhibited by p-chloromer- 
curibenzoate and by KMnQ,,; inhibition by the former was par- 
tially reversed by glutathione. Urocanase was also inhibited by 
hydroxylamine and semicarbazide. 

Upon incubation of a-C'-urocanic acid with a partially purified 
beef liver urocanase preparation, two reaction products were 
formed. One of the products (Unknown I), has an absorption 
peak at 264 my and is in the isoelectric state at pH 4.6. It is 
formed from urocanate and its rate of disappearance is increased 
by the addition of crude rat liver extract. It is proposed that I 
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is imidazolonepropionic acid and that it is the true intermediate 
of the urocanase system. The other product (Unknown II) js 
characterized by an end absorption in the ultraviolet region, and 
has one net negative charge at pH 4.6. Chromatographic and 
electrophoretic comparisons indicate that it is N-formylisogluta- 
mine. The latter is an artifact formed by the spontaneous hy. 
drolysis of the enzyme intermediate considered to be imidazolone. 
propionic acid. 

The purified urocanase seems to be the first enzyme of a multi- 
enzyme system. It does not decompose urocanate all the way to 
N-formiminoglutamic acid as do crude liver extracts. 

The product formed in the reaction with the purified urocanase 
can reduce dichlorophenolindophenol and ferricyanide. The re- 
duction reaction does not require the presence of the enzyme 
preparation. 
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The partial purification of an enzyme system which catalyzes 
the oxidation of phenylalanine to tyrosine according to Equation 
i has been described (1). 

TPNH + H+ + O2 + phenylalanine — a) 
TPN* + H.O + tyrosine 


At least two enzymes,! one obtained from rat liver and the other 
from sheep liver extracts, as well as a nonprotein cofactor of un- 
known structure (2) have been shown to be involved in the reac- 
tion. 

Although some progress has been made in the purification of 
these three components, the role of the cofactor, of the enzymes, 
and even that of the reduced pyridine nucleotide in the enzy- 
matic conversion of phenylalanine to tyrosine has remained 
obscure. Recently it was reported that tetrahydrofolic acid 
could replace the cofactor in this system (3). It has now been 
found that several tetrahydropteridines lacking the p-amino- 
benzoic acid residue in position 6 of the pteridine ring are even 
more active than tetrahydrofolate. Fig. 1 shows the structures 
of tetrahydrofolate and one of the more active tetrahydropteri- 
dines. With these reduced pteridines as models, evidence has 
been obtained which suggests that neither TPNH nor the sheep 
liver enzyme is directly involved in the hydroxylation reaction. 
In the presence of stoichiometric amounts of the tetrahydro- 
pteridines the rat liver enzyme can catalyze the hydroxylation 
of phenylalanine in the absence of TPNH. In addition, it has 
been found that under these conditions the rat liver enzyme 
actually catalyzes coupled reactions: the oxidation of phenyl- 
alanine to tyrosine is associated with oxidation of the tetrahydro- 
pteridine to a compound which is rapidly converted to the cor- 
responding dihydropteridine. The significance of these results 
in terms of the mechanism of the hydroxylation reaction will be 
discussed. 


EXPERIMENTAL 
Materials and Methods 


Preparation of Reduced Pteridines—Tetrahydrofolic acid was 
prepared by the catalytic hydrogenation of folic acid in glacial ace- 


‘It has previously been reported (1) that the two enzymes 
required for the conversion of phenylalanine to tyrosine are 
present in rat liver extracts, whereas only one of these proteins is 
present in sheep liver extracts. Sheep liver extracts thus pro- 
vided a convenient source of one of these enzymes uncontaminated 
by the other. It has now been found that homogenates prepared 
irom sheep liver, in contrast to extracts, can catalyze the over-all 
reaction described by Equation 1 and presumably contain both of 
the enzymes. 


tic acid according to the method of O’Dell et al. (4). 2-Amino-4- 
hydroxy-6 ,7-dimethy]-5 ,6 ,7 ,8-tetrahydropteridine was  pre- 
pared by catalytic reduction of the corresponding oxidized 
pteridine in 5 N HCl according to the method of Pohland et al. 
(5). The material was recrystallized from 65% aqueous ethanol 
and stored at 4° ina desiccator. Solutions of the reduced pteri- 
dine prepared in 0.004 n HCl were stable when stored at —20° 
for several weeks, as judged by activity and spectral measure- 
ments. 2-Hydroxy-4-amino-6-methyl pteridine and 2-amino-4 
hydroxy-6-methy1 pteridine were reduced by the procedure used 
for the dimethyl compound. 2-Amino-4-hydroxy-6 ,7-dimethy] 
7 ,8-dihydropteridine was prepared by reduction with zinc and 
alkali under conditions similar to those used for the reduction of 
2 ,4-diamino-7-hydroxypteridine-6-carboxylic acid by Elion and 
Hitchings (6). Dihydrofolic acid was prepared by the method 
of Futterman (7). When reductions were carried out by cata- 
lytic hydrogenation, the H»2 uptake was close to the theoretical 
value for the formation of the tetrahydro compound. In each 
case, the extent of reduction of the final product was also checked 
by iodine titration and this value, too, was close to the theoreti- 
cal value for either the dihydro or the tetrahydro compound. 
When attempts were made to make the iodine titration more 
sensitive by using more dilute iodine solutions, considerable 
difficulty was experienced with the detection of the end point of 
the titration, with either an internal or external starch indicator. 
A more sensitive method was developed which is useful for 
following the extent of reduction of the pteridines, as well as the 
oxidation of the tetrahydropteridine. This method is based on 
the reduction of the dye, 2,6-dichlorophenolindophenol. It was 
found that dimethyltetrahydropteridine rapidly decolorized the 
dye at acid or neutral pH, whereas the corresponding dihydro 
compound reacted very slowly, if at all. When reaction mix- 
tures containing the enzymes were used, the enzymatic reaction 
was stopped by the addition of an equal volume of 0.4 m am- 
monium acetate pH 5.5. The mixture was then titrated with a 
previously standardized dye solution containing 0.2 to 0.5 umole 
of dye per ml. The dye solution was standardized daily against 
either ascorbic acid or ferrous ammonium sulfate (8). 

Since reducing agents in high concentrations interfere with the 
nitrosonaphthol method for the determination of tyrosine, in the 
experiments in which 2-mercaptoethanol was used, the depro- 
teinized reaction mixtures were extracted with 10 volumes of 
ether to remove the mercaptan before carrying out tyrosine 
determinations. When ether-insoluble reducing agents, such as 
ascorbic acid, were used, tyrosine formation was followed by the 
chromatographic procedure previously described (1). 
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TABLE I 


Comparison of requirements involved in the use of rat liver cofactor 
and dimethyltetrahydropteridine 


The complete system contained the following components (in 
micromoles): potassium phosphate buffer pH 6.8, 100; L-phenyl- 
alanine, 2.0; TPNH, 0.50; glucose, 125; cofactor, about 20 ug of 
the combined silica gel eluates; tetrahydropteridine, 0.12; rat 
liver enzyme, 0.20 mg of protein; sheep liver enzyme, 0.07 mg of 
protein; glucose dehydrogenase,* 80 units. When mercapto- 
ethanol was used, 14 ymoles were added. The final volume was 
made up to 1.0 ml and the incubation time was 30 minutes at 25°. 

















Tyrosine formed 
Component omitted — 
Rat liver cofactor a 
| pmoles pmoles 
rte tre ers eek ee . 0.124 0.167 
ee eet eer are Ne 0 0.080 
Sheep liver enzyme............. 0 0.117 
Sheep liver enzyme and glucose 
dehydrogenase.................. 0 0.035 
Mercaptoethanol added in place of 
NUS Ser oeeeeerery 0 0.143 
Tat ver GORyVMS.... ...-- 5.6666 0 0 
Phenylalanine.............. ae 0 0 
_ eget ene gi ra RS» 0 0 
Cofactor or tetrahydropteridine... 0.015 | 0.015 








* It has been found that when the purified rat and sheep liver 
enzymes are used, a glucose dehydrogenase preparation (10) can 
stimulate tyrosine formation, even in the absence of glucose and 
in the presence of a large excess of TPNH. Although the mech- 
anism for this stimulation is not clear, glucose dehydrogenase has 
been included in ail of the experiments. 


The pteridines used in this study were gifts from Eli Lilly and 
Company and from the Lederle Laboratories Division of the 
American Cyanamid Company. The purified rat liver cofactor 
and the rat and sheep liver enzymes used in this study were the 
preparations which are described in the accompanying paper (9). 
Glucose dehydrogenase was prepared by the method of Strecker 
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and Korkes (10). The other materials used were obtained from 
sources which have already been reported (1). 
RESULTS 

Requirements—Most of the experiments were carried out with 
the dimethyltetrahydropteridine. The advantage of using this 
compound rather than tetrahydrofolate or the more active 
monomethyltetrahydropteridine has been discussed (9). 

A comparison of the requirements of the system when the rat 
liver cofactor and the dimethyltetrahydropteridine are used jg 
shown in Table I. With either compound, tyrosine formation 
shows an absolute requirement for oxygen, phenylalanine, and 
the rat liver enzyme. 

The finding that in the presence of dimethyltetrahydropteri- 
dine some tyrosine formation occurred, even in the absence of 
TPNH or the sheep liver enzyme, was in sharp contrast to the 
absolute requirement for these two components when the natural 
cofactor was used. The requirement for the sheep liver enzyme 
was found on further investigation to be a function of the con- 
centration of dimethyltetrahydropteridine and TPNH. The 
data in Table II show that the dependence on the sheep liver 
enzyme became greater when less tetrahydropteridine and TPNH 
were used. In addition, it may be noticed that even in the 
complete absence of sheep liver enzyme, TPNH could stimulate 
the reaction. These findings suggest that the reaction in which 
TPNH participates can be catalyzed by the sheep liver enzyme, 
but can also occur nonenzymatically. This suggestion is also 
consistent with the finding that with the tetrahydropteridine, 
TPNH could be replaced by reducing agents such as 2-mercapto- 
ethanol and ascorbic acid, although TPNH was about 30 times 
more effective than 2-mercaptoethanol on a molar basis. 

The significance of the lack of complete dependence on TPNH 
was clarified when the time course of the reaction was studied 
in the presence and absence of TPNH. The data in Fig. 2 shows 
that in the presence of TPNH, the tetrahydropteridine can 
function catalytically, since 3 times as much tyrosine was formed 
at 20 minutes as the amount of reduced pteridine added.? In 
the absence of TPNH, it is equally clear that the tetrahydro- 
pteridine does not function catalytically. It can be seen, there- 
fore, that under these conditions the dependence on TPNH isa 
function of the time of incubation. 

The final point to be made about the data shown in Fig. 2 is 
that the initial rate of tyrosine formation was independent of the 
presence of TPNH. Furthermore, although not shown in the 
figure, the initial rate of the reaction was independent of sheep 
liver enzyme. It can be concluded from these observations that 
neither TPNH nor the sheep liver enzyme is involved directly 
in the hydroxylation reaction. 

If an experiment similar to the one described in Fig. 2 is 
carried out and TPNH is added after the reaction has been 
allowed to proceed for 15 minutes, little additional tyrosine 
formation could be detected on subsequent incubation (Curve D, 
Fig. 3). Under these conditions, the system has become inac- 
tive. Phenylalanine was required for this almost complete loss 
in activity because a control incubation carried out in the absence 
of phenylalanine led to only a small decrease in the amount of 


2It was previously reported that tetrahydrofolate did not 
function catalytically in this enzyme system (3). This result can 


probably be explained by the great instability of tetrahydrofolate 
during aerobic incubations. 
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tyrosine which could be formed during a second incubation with 
phenylalanine. When a second addition of tetrahydropteridine 
or of both TPNH and tetrahydropteridine was made after 15 
minutes (Curves C and B, respectively), the system was fully 
active, demonstrating that the loss in activity was not due to 
either inactivation of one of the enzymes or to the formation of 


TABLE II 
Dependence of tyrosine formation on sheep liver enzyme at varying 
concentrations of TPNH and 2-amino-4-hydrozy-6 ,7-dimethyl- 
tetrahydropteridine (DMPH,) 

The system contained the following components (in micro- 
moles): potassium phosphate buffer pH 6.8, 100; L-phenylalanine, 
2.0; glucose, 125; rat liver enzyme, 0.25 mg of protein; sheep liver 
enzyme, 0.07 mg of protein; glucose dehydrogenase, 80 units. 
Final volume, 1.0 ml. Incubation time, 30 minutes. 





Tyrosine formed 





TPNH added 0.11 umole DMPH, 





0.042 ymole DMPH« 
| With sheep Without sheep| With sheep | Without sheep 
enzyme enzyme | enzyme enzyme 
a ameeied ‘sii pmole pare : pore 
0 0.077 0.077 | 0.033 0.032 
0.10 0.206 0.124 | 0.170 0.078 
0.25 0.212 0.160 0.170 0.092 
0.50 0.216 0.173 0.170 0.113 
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Fic. 2. Time-course of tyrosine formation in the presence and 
absence of TPNH. The reaction mixtures contained the follow- 
ing components (in micromoles): potassium phosphate buffer pH 
6.8, 100; L-phenylalanine, 2.0; tetrahydropteridine, 0.12; glucose, 
125; rat liver enzyme, 0.4 mg of protein; sheep liver enzyme, 0.05 
mg of protein; glucose dehydrogenase, 80 units. TPNH, 0.5 
umole, was added where indicated. Final volume, 1.0 ml. Tem- 
perature, 25°. 
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Fic. 3. The effect of second additions of the cofactors on the 
rate of tyrosine formation after a preincubation in the absence of 
TPNH. The conditions of the experiment were the same as those 
in Fig. 2. Experiment A had 0.5 ymole of TPNH present from 
zero time whereas in Experiment E, TPNH was absent during the 
complete incubation. At the arrow (15 minutes) the following 
additions were made: Experiment D, 0.5 umole of TPNH; Experi- 
ment C, 0.12 umole of tetrahydropteridine; Experiment B, 0.5 
umole of TPNH and 0.12 umole of tetrahydropteridine. 


an inhibitor. During the conversion of phenylalanine to tyro- 
sine, some component, probably the tetrahydropteridine, is 
converted to an inactive compound. The nature of this con- 
version will be discussed in the next section. 

Formation of Product of Tetrahydropteridine—Direct evidence 
which indicated that the tetrahydropteridine had been con- 
verted to a new compound during the enzymatic formation of 
tyrosine was obtained by following the reaction spectrophoto- 
metrically in the absence of TPNH. In Fig. 4 the difference 
spectrum between a reaction mixture containing all of the com- 
ponents and a control cuvette in which phenylalanine had been 
omitted is shown. At 45 seconds the only component which can 
be seen is the phenylalanine, which absorbs in the region of 255 
to 260 mu. After 11 minutes very marked changes occurred in 
the 270 to 370 mu region, indicating the formation of a product 
which presumably was derived from the tetrahydropteridine. 

From the difference spectrum it was apparent that, compared 
to the starting tetrahydropteridine, this new compound had a 
higher absorption at 320 to 330 my, a decreased absorption at 
295 mu, and a higher absorption at 275 to 280 my. These 
spectral changes were not seen if TPNH was present from the 
start of the experiment. Moreover, the addition of TPNH after 
the reaction had occurred did not lead to a reversal of these 
spectral changes, nor was there any evidence that the TPNH was 
oxidized. Thus, TPNH could prevent the formation of this 
new compound but could not reverse the reactions which led to 
its formation once they had occurred. 

It should be noted that after this compound had been formed, 
the system was inactive; no TPNH oxidation took place and no 
further tyrosine formation could be detected (see Fig. 3, Curve D). 








2680 





a 
0.6 
0.5 


0.4 





$3 = 
¥SECONDS 


0.3 


OPTICAL DENSITY 


A 
0.2 Il MINUTES ~ 











he owe ee eee 
240 320 400 


WAVELENGTH mp 


Fic. 4. The difference spectrum of the complete system and a 
control in which phenylalanine was omitted. The complete sys- 
tem contained the following components (in micromoles): po- 
tassium phosphate buffer pH 6.8, 100; t-phenylalanine, 2.0; tetra- 
hydropteridine, 0.045; rat liver enzyme, 0.23 mg of protein; glucose 
leant 80 units. Temperature, 22°. Final volume, 1.0 
ml. 


A clue to the nature of this new compound was obtained when 
it was observed that dimethyltetrahydropteridine, incubated 
nonenzymatically at pH 6.8 in phosphate buffer, was slowly 
converted to a compound with a different spectrum. These 
changes are shown in Fig. 5. The difference in spectrum be- 
tween the dimethyltetrahydropteridine and the compound pro- 
duced from it nonenzymatically is similar to the difference 
spectrum observed during the enzymatic reaction (Fig. 4); i.e. 
a compound was formed nonenzymatically from the tetrahydro- 
pteridine which has a higher absorption at 320 to 330 my, a lower 
absorption at 295 my, and a higher absorption at 275 to 280 mu. 
Since tetrahydropteridines are known to be easily oxidized to 
the corresponding dihydro compounds, before further oxidation 
and possible degradation (10, 11), the spectrum of the synthetic 
dimethyldihydropteridine was compared at two different pH 
values with that of the compound which was produced non- 
enzymatically from the tetrahydropteridine. As can be seen in 
Fig. 6, the spectra are almost identical. The spectra are very 
similar to that reported for the synthetic 6-methyl dihydro 
compound (12). 

Further evidence in support of the conclusion that the tetra- 
hydropteridine is oxidized to the dihydropteridine during con- 
version of phenylalanine to tyrosine was obtained from experi- 
ments in which the oxidation of the tetrahydropteridine was 
followed by iodine or by 2,6 dichlorophenolindophenol titration. 
The iodine method depends upon the observations that dimethyl- 
tetrahydropteridine consumes 2 moles of iodine per mole, whereas 
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Fic. 5. Changes in absorption spectrum of dimethyltetra- 
hydropteridine when incubated in 0.1 m potassium phosphate 
buffer pH 6.8. The concentration of reduced pteridine was 0.045 
umole per ml. 


the corresponding dihydropteridine consumes only 1 mole of 
iodine per mole. With the dichlorophenolindophenol method, 
it has been shown that the tetrahydropteridine decolorizes the 
dye whereas the dihydropteridine does not. As can be seen in 
Table ITI, there is a good agreement between the phenylalanine- 
dependent disappearance of the tetrahydropteridine, as deter- 
mined by these two methods, and the appearance of tyrosine. 

The same quantitative relationship between tyrosine and 
dihydropteridine formation was observed when the latter quan- 
tity was calculated from the difference in the extinction coeffi- 
cient of the tetrahydro and the dihydro compounds at 330 mp 
(see Table IV). 

Finally, it has been shown that the product of the tetrahydro- 
pteridine which is formed during the enzymatic oxidation of 
phenylalanine is reduced by catalytic hydrogenation to a com- 
pound, which (a) has cofactor activity in the phenylalanine- 
hydroxylating system; (b) has the same spectrum as the tetra- 
hydropteridine; and (c) decomposes in 0.1 m phosphate buffer 
pH 6.8 in a manner which is indistinguishable (spectrally) from 
the authentic tetrahydropteridine. 


DISCUSSION 


The results which have been obtained with the synthetic 
tetrahydropteridines are consistent with the following general 
reaction scheme, in which “oxidized” pteridine represents 4 
primary product derived from the tetrahydropteridine. 

Little is known about the nature of the hypothetical “oxidized” 
pteridine except for two of its properties: (a) it can be irrevers- 
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Fic. 6. Comparison of the absorption spectrum of synthetic 
dimethyldihydropteridine (solid line) and the product formed 
fom dimethyltetrahydropteridine during a nonenzymatic in- 
cubation in 0.1 M potassium phosphate buffer pH 6.8 for 45 minutes 


Tasie III 
Phenylalanine-dependent oxidation of 2-amino-4-hydrozy-6 ,7-di- 
methyltetrahydropteridine (DMPH,) 

The system contained the following components (in micro- 
moles): potassium phosphate buffer pH 6.8, 100; L-phenylalanine, 
2.0; DMPH,g, 0.52; rat liver enzyme, 0.25 mg of protein; glucose 
dehydrogenase, 80 units. Final volume, 1.0 ml. The tempera- 
ture was 25°. In the experiment where iodine titration was used, 
the reaction was stopped by the addition of 0.15 ml of 1 n HCl. 
Where dichlorophenolindophenol titration was used, 1.0 ml of 
(4M ammonium acetate, pH 5.47, was added to stop the reac- 
tion. The figures for the disappearance of DMPH, have been cor- 
rected for the amount which disappeared in the absence of phenyl- 
ilanine. Under these conditions, phenylalanine leads to about a 
).to 3-fold increase in the rate of DMPH, disappearance. 





Phenylalanine-dependent disappearance of 
DMPH, | 











Time Tyrosine formed 
I: titration Dye titration 
minutes pmole umole umole 
4 0.09 0.08 | 0.08 
10 0.19 0.18 | 0.17 





bly converted to the dihydropteridine; and (6) it must be an 
nidizing agent, capable of being reduced to the tetrahydro level. 
One possibility is that the compound is a double bond tautomer 
{the synthetic 7 ,8-dihydropteridine. 
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(interrupted line). The spectra were determined in 0.1 n HCl 
andin0.1N KOH. The original concentration of tetrahydropteri- 
dine used was 0.045 umole per ml. The concentration of the 
synthetic dihydropteridine was approximately 0.040 umole per ml. 


Tetrahydropteridine + O2 + phenylalanine 


TPNH\and rat liver __ 
sheep|liver / enzyme 
enzlyme // 
“oxidized”’ + tyrosine + H.O 
pteridine P 


dihydropteridine 


TaBLe IV 
Stoichiometry of tyrosine and 2-amino-4-hydrozy-6 ,7-dimethyldihy- 
dropteridine (DMPH:2) formation as a function of rat liver 
enzyme concentration 

The conditions were the same as those described in Table III 
except that 0.11 umole of dimethyltetrahydropteridine was used. 
Time of incubation was 8 minutes at 22°. The rat liver enzyme 
preparation used had a protein concentration of 2.3 mg per ml. 
The values for DMPH:2 have been corrected for any DMPH, 
which was formed in the absence of phenylalanine. 





| Product formed 
Amount of rat liver enzyme added |. 





| Tyrosine DMPH: 
ven Tee umole umole — 
0.05 0.023 0.026 
0.10 0.045 0.044 
0.20 0.058 


0.061 
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If the natural cofactor is a pteridine-like compound it could 
take part in the reaction sequence, but only after being con- 
verted to the tetrahydro level. The observed lag period with 
the natural cofactor, its partial elimination by a preincubation 
with TPNH and the sheep liver enzyme (2), and the lack of a 
lag period with the tetrahydropteridine (see Fig. 2), are all con- 
sistent with this formulation. 

The precise role of the tetrahydropteridine in the hydroxyla- 
tion reaction is unknown. The demonstration that it undergoes 
oxidation during conversion of phenylalanine to tyrosine, makes 
it likely that the general role of the tetrahydropteridine in this 
reaction is that of an electron donor. Whether the immediate 
electron acceptor is oxygen, phenylalanine, or a group on the 
enzyme (such as a metal), remains to be determined. 


SUMMARY 


1. Further studies are reported on an enzyme system which 
catalyzes the oxidation of phenylalanine to tyrosine. The 
system involves two enzymes; one purified from rat liver and 
the other from sheep liver extracts, in addition to oxygen, TPNH, 
and any one of several tetrahydropteridines. 

2. With stoichiometric amounts of the tetrahydropteridine, 
the initial rate of tyrosine formation is independent of both the 
sheep liver enzyme and reduced triphosphopyridine nucleotide 
(TPNH), making it unlikely that either of these components is 
directly involved in the hydroxylation reaction. 

3. The result permits an assignment of the general role of the 
individual components in this complex enzyme system: the rat 
liver enzyme and the tetrahydropteridine are involved directly 
in the conversion of phenylalanine to tyrosine; the sheep liver 
enzyme catalyzes a reaction, involving TPNH, which serves to 
keep the tetrahydropteridine in the reduced, active form. 
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4. It has been shown that in the absence of TPNH, the cop. 
version of phenylalanine to tyrosine is accompanied by the 
oxidation of the tetrahydropteridine to an intermediate which 
is rapidly converted to the dihydropteridine. 


Acknowledgment—The author wishes to thank Mr. Richard 
Funk for skillful technical assistance during the course of this 
work. 
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The partial purification and some of the properties of the 
phenylalanine-hydroxylation cofactor have been described (1). 
Although the structure of the compound remains to be deter- 
mined, the recent finding that tetrahydrofolate (2) and some 
other tetrahydropteridines (3) have cofactor activity in the 
enzyme system which catalyzes the conversion of phenylalanine 
to tyrosine, raises the obvious possibility that the natural co- 
factor is a pteridine-like compound. 

In the present paper, this possibility is considered in the light 
of recent chemical and enzymatic studies carried out on both 
the natural cofactor and the synthetic tetrahydropteridines. 
Procedures are described for the further purification of the 
cofactor from rat liver, and of the two enzymes involved in the 
hydroxylation reaction. 


EXPERIMENTAL 


Materials and Methods 


Assays—The cofactor was assayed as previously described (1). 
The rat and sheep liver enzymes were assayed according to the 
published procedures (4), the only modification being the addi- 
tion of the cofactor to the standard assay mixture. The cofactor 
preparation used for this purpose was 0.07 ml of the concen- 
trated aqueous fluid after precipitation with ethanol and ether 
(1). Protein was determined spectrophotometrically (5) except 
during the calcium phosphate gel step in the rat liver enzyme 
preparation, in which the presence of phenylalanine interferes. 
The biuret method (6) was used to follow protein concentration 
during that particular step. 

Further Purification of Cofactor—The published method for 
the preparation of the cofactor from rat liver (1) includes the 
following steps: organic solvent fractionation, and ion exchange 
chromatography on Dowex 1-Cl- and Dowes 50-Na* columns. 
This procedure has now been extended to include precipitation 
vith phosphotungstic acid and partition chromatography on 
ilicea gel columns. The advantages of carrying the material 
through these two additional steps are 2-fold: a further purifica- 
tion is achieved and the product is much more stable than it is 
in the final stage (Dowex 50 eluate) of old procedure. Both the 
phosphotungstic acid precipitation and the silica gel chromatog- 
gaphy are carried out at 4°. 

The active fractions from the Dowex 50 column (1) were 
combined. For each 100 ml of combined eluates, 2.75 ml of 
1x H.SO, were added with stirring followed by the addition of 
290 ml of freshly prepared 20% phosphotungstic acid. The 
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mixture was stirred for 2 to 3 hours, and then centrifuged at 
1500 x g for 20 minutes. The supernatant fluid was discarded. 
The pale yellow precipitate was suspended in 15 ml of cold 0.1 
N H.SO, and the suspension was extracted 2 times with 2 volumes 
of 37% n-butanol in ethyl ether and once with 2 volumes of 
ethyl ether. The aqueous layer was brought to pH 5 to 5.5 
with the dropwise addition of 1 n KOH. 

The aqueous layer was extracted 3 times with three volumes 
of n-butanol and the butanol layers were combined and con- 
centrated under reduced pressure to several milliliters. The 
silica gel column was prepared in the following manner: 6.5 g of 
silicic acid were ground in a mortar with 3.9 ml of water. Then 
23 ml of 15% chloroform in n-butanol were added to the silica- 
water mixture and ground until a smooth slurry was formed. 
This slurry was poured into a l-cm chromatography column, 
allowed to settle under gravity for about 20 minutes, and finally 
compressed with nitrogen gas until no further change in the 
column height occurred. Under these conditions, a height of 14 
to 16 cm was usually achieved. The butanol solution of the 
cofactor was added to the column and the elution was started 
with water-saturated 15% chloroform in n-butanol. A rate of 
about 0.7 ml per minute was maintained by applying pressure 
to the top of the column from a tank of nitrogen gas. Fractions, 
5 ml, were collected; the first 45 to 50 ml of effluent fluid were 
discarded, the cofactor activity ordinarily being found in the 
second 40 to 50 ml. The organic solvents were removed from 
the active fractions by distillation under reduced pressure and 
the residue was dissolved in water. The cofactor activity in 
these fractions usually was quite stable for several weeks when 
stored at 4°. 

Further Purification of Rat Liver Enzyme—aAll of the steps in 
the purification of both the rat and the sheep liver enzyme were 
carried out in the cold at 2-4° unless specified otherwise. Me- 
chanical stirring was used during all additions. Ammonium 
sulfate precipitates were collected by centrifugation for 20 min- 
utes at 18,000 x g and ethanol precipitates were generally 
obtained by centrifugation for 15 minutes at 4000 x g. Glass- 
distilled water was used throughout the procedure. 

The extraction, the first ethanol fractionation and the first 
ammonium sulfate fractionation were carried out as already 
described (4). The ammonium sulfate fraction was taken up 
in 0.033 m Tris' buffer pH 6.8. 

Adsorption and Elution from Calcium Phosphate Gel—To each 
100 ml of the undialyzed ammonium sulfate fraction, 10 ml of 
cold 0.1 m t-phenylalanine were added, followed by 100 ml of 


1 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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cold water. Over a period of 15 minutes 73 ml of calcium 
phosphate gel (0.35 volume) containing approximately 20 mg 
of solid per ml were added, and the stirring was continued for 
another 10 minutes. The gel was collected by centrifugation 
and eluted successively with 210 ml of 0.02 m and 160 ml of 
0.1 m potassium phosphate buffers pH 6.8. The latter eluate 
contained most of the activity. 

Second Ammonium Sulfate Fractionation—The 0.1 gel eluate 
was concentrated and freed of phosphate by refractionation 
with ammonium sulfate. Ammonium sulfate, 18.2 g, was added 
to each 100 ml of eluate. The precipitate was discarded. For 
each 100 ml of starting solution, an additional 7.35 g of am- 
monium sulfate were added. The precipitate obtained after 
centrifugation was dissolved in 0.3 volume of 0.033 m Tris buffer 
pH 6.8. 

Adsorption and Elution from Alumina Gel—To each 100 ml 
of the preceding ammonium sulfate fraction, 13 ml of alumina 
Cy gel (dry weight = 15 mg per ml) were added. The gel was 
collected by centrifugation and eluted with 100 ml of 0.01 m 
potassium phosphate buffer pH 6.8; and then with an equal 
volume of 0.05 m potassium phosphate buffer pH 6.8, the latter 
eluate containing most of the activity. 

The over-all procedure usually results in about a 70- to 100- 
fold purification with a 15 to 20% yield of units. The quantita- 
tive significance of these figures is uncertain, however, because 
some loss in activity is encountered during the time interval 
between each of the purification steps. In the other direction, 
there is usually some gain in units after the first ammonium sul- 
fate step. The activity of the enzyme is almost completely 
dependent on the addition of the cofactor after the calcium 
phosphate gel step. Because the two gel steps show some 
variability from one batch of gel to another, these steps were 
carried out on a trial sample before doing them on a large scale. 

Purification of Sheep Liver Enzyme—Since this purification 
scheme differs from the published method (4) even in the manner 
in which the tissue is extracted, the whole procedure will be 
described. 

Extraction—Sheep livers, removed immediately after death, 
were packed in ice during transport and then frozen at —20° 
until ready for use. When the extraction was to be performed 
the liver was allowed to thaw partially at room temperature. 
It was then cut into small pieces in the cold room and homog- 
enized with 1.5 volumes of cold 0.03 m acetic acid for 1 minute 
at about three-fourths full speed in a Waring Blendor. Another 
1.5 volumes of 0.03 m acetic acid were added and the blending was 
continued for another minute at about one-third full speed. 
The mixture was then centrifuged for 35 minutes at 4000 x g. 

First Ammonium Sulfate Fractionation—Ammonium sulfate, 
29.3 g, was added to each 100 ml of extract. The mixture was 
centrifuged and the residue was discarded. An additional 17.5 
g of ammonium sulfate were added and the centrifugation was 
repeated. The precipitate was dissolved in approximately 
one-seventh the original volume of 0.025 m Tris buffer pH 7.4, 
and the solution was dialyzed overnight against a large excess of 
0.01 m Tris buffer pH 7.4, in a rocking dialyzer. 

Zinc-Ethanol Fractionation—The dialyzed solution from the 
previous step was diluted with 0.01 m Tris buffer pH 7.4 to about 
12.5 mg of protein per ml and treated with 0.135 volume of 0.2 
M zinc acetate. 

The cloudy solution was fractionated with ethanol between 
0 and 6.5 (temperature, —1°) and 6.5 and 25 (temperature, —6°) 
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% ethanol by volume. The second fraction was dissolved in } 
the original diluted volume of 0.033 m potassium phosphate 
buffer pH 6.8. The precipitate was removed by centrifugation 
and the supernatant fluid was dialyzed overnight against 
large excess of the same buffer. 

Alkaline Ammonium Sulfate Fractionation—The dialyzed 
solution was diluted with 0.033 m potassium phosphate buffer 
pH 6.8, to a protein concentration of about 10 mg per ml. To 
each 100 ml of diluted solution, 14 g of ammonium sulfate were 
added. The pH of the solution was then adjusted to 8.2 by the 
dropwise addition of 1 N ammonium hydroxide. Another 23.8 
g of ammonium sulfate were added to each 100 ml of solution 
(based on original diluted volume plus the volume of ammonium 
hydroxide which was added). After centrifugation the pre. 
cipitate was discarded. An additional 18.3 g of ammonium 
sulfate were added to each 100 ml of solution, as before. The 
precipitate obtained after centrifugation was dissolved on 0.01 
M Tris buffer pH 7.4, and dialyzed against the same buffer over- 
night. 

Adsorption and Elution from Calcium Phosphate Gel—The 
solution from the alkaline ammonium sulfate step was diluted 
with 0.01 m Tris buffer pH 7.4 to a protein concentration of 
about 10 mg per ml. Approximately 0.3 volume of calcium 
phosphate gel (dry weight = 20 to 22 mg per ml) was added 
(the exact amount was determined on a trial run). After cen- 
trifugation the supernatant fluid, which usually contained about 
15% of the total activity, was discarded. The gel was eluted 
successively with 0.008 m and 0.1 m potassium phosphate buffer 
pH 6.8, in each case with a volume of eluting solution equal to 
the starting volume after dilution. The second eluate, con- 
taining most of the activity, was dialyzed against a large excess 
of 0.01 m Tris buffer pH 7.4. 

Adsorption and Elution from Alumina Gel—The solution was 
adjusted to pH 5.4 with 0.1 N acetic acid. Between 0.06 and 
0.08 volume of alumina Cy gel (dry weight = 12 mg per ml) 
was added. The exact amount of gel which will leave about 10 
to 15% of the activity in the supernatant fluid was determined 
from a trial run. The gel, collected after centrifugation, was 
eluted successively with 0.008 m and 0.1 m potassium phosphate 
buffer pH 6.8, just as in the previous step. The second eluate 
has the bulk of the activity. 

The enzyme is stable for months when stored at —20°. An 
outline of the purification procedure is shown in Table I. The 
purification may vary between 80- and 100-fold. 

Enzymatic Determination of Phenylalanine by Conversion to 
Tyrosine—On several occasions during this work the need has 
arisen for a sensitive and specific method for the determination 
of phenylalanine. We have used the following method to 
determine the blood concentration of phenylalanine in the 
experiment which will be described later, in which the effect of 
amethopterin administration was studied. The method has 
proved useful also for determining phenylalanine blood concen- 
tration in phenylketonuric patients. The standard assay system 
for the rat enzyme was used (4), the only modifications being the 
incubation time, which was 120 minutes, and the addition of the 
cofactor. Rat and sheep liver enzymes which had been carried 
through the first ammonium sulfate step were found to be suf- 
ficiently pure for this purpose. A control was included without 
any added phenylalanine. An “internal” standard, in which a 


known amount of phenylalanine was added to the serum, was 
When the serum phenyl- 


also included in every determination. 
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TABLE I 
Purification of sheep liver enzyme 
865 g of frozen sheep liver. 


a 





Enzyme 





Step Volume waite | Protein Sosciee Yield 
7 see — units/mg o 
me protein ” 
eee eee ; 2420 | 33,000, 41,200 0.80 100 
lst ammonium sulfate 
fractionation....... 460 | 20,200 13,400, 1.50 61 


Zinc-ethanol fractionation 144 
2nd ammonium sulfate 


10,900' 3,030; 3.60 33 





fractionation. ... ; 75 8,150; 1,030 7.90 25 
Calcium phosphate gel 
eluate, 0.1 Mm phosphate 85 4,650 118, 40.0 14 
Alumina Cy eluate, 0.1 m 
phosphate.......... 73 4,200 56 75.0 13 
TABLE II 


Enzymatic determination of L-phenylalanine 
The conditions of the method are described in the text. 





Phenylalanine added Tyrosine formed 





pmole umole 
0 0 

0.05 0.05 
0.10 0.11 
0.20 0.21 
0.40 0.38 





alanine concentration was determined, the sample of serum was 
added directly to the enzyme assay mixture, without removal of 
the protein. The results shown in Table II demonstrate the 
useful range of the determination. 

The preparation of the reduced pteridines has been described 
(3). The silicic acid which was used for the column chromatog- 
raphy of the cofactor was obtained from Mallinckrodt and was 
labeled “Suitable for chromatographic analysis by the method 
of Ramsey and Patterson.” Alumina gel Cy was prepared by 
the method of Bauer (7). The other materials used, including 
the pteridines, were obtained from sources which have already 
been described (3). 


RESULTS AND DISCUSSION 


Specificity Studies with Synthetic Pteridines—Three tetrahy- 
dropteridines have been prepared which show cofactor activity: 
tetrahydrofolate, 6,7-dimethyltetrahydropteridine, and _ 6- 
methyltetrahydropteridine. The parent, nonreduced pteridines 
such as folie acid or 2-amino-4-hydroxy-6 ,7-dimethylpteridine, 
and the corresponding dihydropteridines are inactive. 

It can be seen from the activity-concentration curves in Fig. 
1 that the monomethyltetrahydropteridine is the most active 
compound. 

The data in Fig. 2 show that monomethyltetrahydropteridine 
is also more active in stimulating the phenylalanine-dependent 
oxidation of TPNH. However, most of the studies were carried 
out with the dimethyltetrahydropteridine because this compound 
seems to be more stable under the conditions used than 6-methyl- 
tetrahydropteridine. The advantage of using these simple 
tetrahydropteridines rather than tetrahydrofolate lies in their 
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Fic. 1. Comparison of tetrahydrofolate, 2-amino-4-hydroxy- 
6,7-dimethyltetrahydropteridine (6,7 dimethyl), and 2-amino-4- 
hydroxy-6-methyltetrahydropteridine (6-methyl) in stimulating 
the conversion of phenylalanine to tyrosine. The system con- 
tained the following components (in micromoles): potassium 
phosphate buffer pH 6.8, 100; L-phenylalanine, 2.0; TPNH, 0.50; 
glucose, 125; rat liver enzyme, 0.6 mg of protein; sheep liver 
enzyme, 0.07 mg of protein; glucose dehydrogenase, 80 units. 
Final volume, 1.0 ml. Temperature, 25°. 
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Fic. 2. Comparison of 2-amino-4-hydroxy-6,7-dimethyl and 
2-amino-4-hydroxy-6-methyltetrahydropteridine in stimulating 
the phenylalanine-dependent oxidation of TPNH. The complete 
system contained the following components (in micromoles): 
potassium phosphate pH 6.8, 100; L-phenylalanine, 2.0; TPNH, 
0.15; rat liver enzyme, 0.1 mg of protein; sheep liver enzyme, 0.07 
mg of protein; glucose dehydrogenase, 80 units; tetrahydropteri- 
dines, 0.05. In each case, a control in which phenylalanine was 


omitted was included, and the reported values have been corrected 
for any oxidation of TPNH which occurred in the absence of 
Silica cells of 1.0-cm light path were used. 


phenylalanine. 
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greater stability. More specifically, their degradation is ap- 
parently not complicated by such complex reactions as cleavage 
of the side chain which occurs rapidly with tetrahydrofolate (8). 

Almost all of the naturally occurring pteridines have amino 
and hydroxyl groups in positions 2 and 4, respectively (9). It 
therefore seems significant that the compound 2-hydroxy-4 
amino-6-methyltetrahydropteridine, differing from the active 
2-amino-4-hydroxy-6-methyltetrahydropteridine only in that 
the amino and hydroxy groups on the pteridine ring are reversed, 
is completely inactive. In view of this specificity within the 
series of tetrahydropteridines, it would be rather surprising to 
find another group of structurally unrelated compounds which 
would show cofactor activity. 

Because the tetrahydropteridines are oxidized at neutral pH, 
other reducing agents were tested for cofactor activity. Ascorbic 
acid, dihydroxyfumaric acid, glutathione, 2-mercaptoethanol, 
and cysteine were found to be inactive. The inactivity of 
dihydroxyfumaric acid clearly distinguishes this system from the 
peroxidase-catalyzed hydroxylation of aromatic compounds 
(including phenylalanine) in which dihydroxyfumaric acid is 
active (10). 

Chemical Studies on Cofactor—Many quantitative chemical 
tests were carried out on the purified cofactor and most of these 
were negative. In dealing with a compound of unknown purity, 
the significance of a negative test is not always clear. To provide 
a basis for comparison, therefore, all of the results were related 
to the N content of the cofactor solution since the purest prepa- 
rations of the cofactor consistently show a high N content. A 
test was considered to be negative when the results were less than 
1% of the N content of the solution. For example, in the ester 
determination, the cofactor solution contained 5 umoles of N 
per ml and there was 0.03 wmole of ester per ml; this was 
regarded as a negative test. On this basis, the following tests 
were found to be negative: ninhydrin (11), total phosphate after 
ashing (12) hydroxamic acid test for esters (13), formimino (14), 
ureido (15), guanidino (16), creatine (17), creatinine (18), sugar 
(phloroglucinol (19), cysteine-carbazole (20), orcinol (21), di- 
phenylamine (22, 23)), and aromatic amine (24). In view of 
the cofactor activity of tetrahydrofolate in the system, the last- 
mentioned test for aromatic amines was also carried out, and 
found to be negative, after aerobic alkaline hydrolysis (25) and 
after treatment with zinc dust and acid (26). Both of these 
procedures have been reported to liberate an aromatic amine 
from folic acid. From these results it is apparent that almost 
all of the N in samples of the highly purified cofactor is in a 
form which has not yet been determined. 

Fractions of the purified cofactor have consistently given two 


TaBie III 
Inhibition of tyrosine formation by aminopterin 
Conditions were the same as those described for the complete 


system in Fig. 1. The amount of tetrahydrofolate added was 
0.15 umole. 





Inhibition 





Aminopterin concentration 





Rat liver cofactor Tetrahydrofolic acid 
M per cent per cent 
0 0 0 
5 X 10-5 44 13 
5 X 10-* 82 50 
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positive tests which seem to be correlated with cofactor activity, 
One of these is an atypical Pauly test (27, 28). The test is 
atypical in that the incubation with diazotized sulfanilic acid 
must be carried out above pH 6; this results in the formation of 
a red-pink color which fades to a yellow color in a few seconds, 
A similar reaction has been reported for certain pyrimidines (29); 
with these pyrimidines, however, a stable red color is produced 
by carrying out the reaction in the presence of 10% NaOH (29). 
With the cofactor, stronger alkali does not lead to this stabiliza- 
tion of the color. The only compound which has been found to 
give the test in a manner which is indistinguishable from that 
given by the cofactor is dihydrofolic acid. Although knowl- 
edge of the specificity of the diazo test when carried out in this 
way is obviously still incomplete, it may be fairly specific for 
certain dihydropteridines or products derived from them. 

In addition, it has been found that treatment of the purified 
cofactor with alkali at 100° (conditions which destroy the co- 
factor activity) leads to the formation of highly fluorescent 
compound with an activation peak at 380 to 400 my and a 
fluorescent peak at 470 to 480 muy, fluorescent characteristics 
which are not too different from those found for folic acid, 
folinic acid (30), and other pteridines.? 


Studies with Folic Acid Antagonists 


Experiments in Vitro—Evidence which is pertinent to a con- 
sideration of whether the natural cofactor is a pteridine-like 
compound has been obtained through the use of folic acid anta- 
gonists. It has been found that aminopterin is a fairly potent 
inhib‘tor of the enzymatic conversion of phenylalanine to tyro- 
sine. The results of the experiment, summarized in Table III, 
show that the reaction is more sensitive to this inhibitor when 
the rat liver cofactor was used rather than tetrahydrofolate. 
Recently it was demonstrated that at least one site of amino- 
pterin inhibition is the reduction of dihydrofolate to tetrahydro- 
folate by TPNH (31), a finding which can possibly be generalized 
to include analogous reduction reactions for other pteridines. 
If so, the observation that the hydroxylation of phenylalanine 
is more sensitive to inhibition by aminopterin when the rat 
liver cofactor is used, would be consistent with the idea that the 
cofactor must be reduced by TPNH before it is active in the 
hydroxylation system. The same conclusion had previously 
been reached from kinetic studies (1, 4). 

In the presence of the dimethyltetrahydropteridine, the 
conversion of phenylalanine to tyrosine has been formulated in 
terms of an initial reaction in which the tetrahydropteridine 
is utilized stoichiometrically for tyrosine formation, followed by 
a second reaction, catalyzed by the sheep liver enzyme, in which 
an oxidized product of the tetrahydropteridine is reduced back 
to the tetrahydro level by TPNH (3). From the finding that 
the dependence on the sheep liver enzyme was a function of the 
TPNH concentration, it was concluded that the second reaction 
could take place nonenzymatically, in addition to its catalysis 
by the sheep liver enzyme. According to this scheme, it should 
be possible to study separately the aminopterin sensitivity of the 
two steps, since in the absence of TPNH, the second reaction 
cannot take place. It has been found (Table IV) that under 
these conditions, tyrosine formation is much less sensitive to 
aminopterin inhibition, a finding which is consistent with the 
idea that the TPNH-mediated reaction is the one which is most 


2S. Kaufman, unpublished experiments. 
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TaBLe IV 
Inhibition of tyrosine formation by aminopterin at various 
concentrations of TPNH 
The conditions of the experiment were the same as those de- 
scribed for the complete system in Fig. 1 except that the time of 
incubation was 30 minutes; 0.075 umole of dimethyltetrahydro- 
pteridine was used. The final concentration of aminopterin was 











Inhibition 
TPNH -_— ———— 
Uncorrected Corrected* 
7 a aie per cent per cent 

0 9 

0.010 48 | 61 
0.025 39 48 
0.100 35 41 


* The ‘‘corrected’’ per cent inhibition was calculated by sub- 
tracting the amount of tyrosine formed in the absence of TNPH 
from the other values. 





sensitive to aminopterin. Since this step may take place non- 
enzymatically, and because it is unlikely that the nonenzymatic 
reaction would be sensitive to the inhibitor, the effect of amino- 
pterin was studied as a function of TPNH concentration. It was 
found that as the TPNH concentration was decreased (and the 
dependence on sheep liver enzyme was increased (3)), the reac- 
tion became more sensitive to inhibition by aminopterin. 

Experiments in Vivo—These studies were carried out to deter- 
mine whether the conversion of phenylalanine to tyrosine could 
be inhibited by a folic acid antagonist in the whole animal. Since 
it is known that when this enzyme system is not functional, as 
in the disease phenylketonuria (32), this inactivity is reflected 
by a markedly increased phenylalanine blood level (33), the 
latter quantity was followed in this experiment as a gross measure 
of the enzyme activity in vivo. 

Amethopterin, which was shown to be as effective an inhibitor 
of the reaction as aminopterin when tested in vitro, was ad- 
ministered to a group of five rats intramuscularly at a level of 1 
mg per day. A control group of five animals received an equal 
volume of 0.85% sodium chloride solution. Both groups of 
rats were allowed to eat and drink ad libitum. The blood sam- 
ples were collected 5 to 6 hours after the last injection; food was 
withheld during this period. The blood was allowed to coagu- 
late and a sample of the pooled sera for each group was used 
directly for the determination of phenylalanine by the enzymatic 
method already described. 

The results of three separate experiments are shown in Table 
V. In each case, the amethopterin treatment resulted in an 
increased level of phenylalanine in the blood. Although there 
is some very indirect evidence that folic acid may be involved in 
tyrosine oxidation (34), it is unlikely that the higher blood con- 
centrations of phenylalanine observed in these experiments were 
due to an inhibition of tyrosine metabolism. Since the method 
used for determining the phenylalanine involves the enzymatic 
conversion to tyrosine, the “zero time”’ controls are proportional 
to the tyrosine concentration of the sample. In all of the experi- 


ments, the tyrosine level was unchanged or lowered as a result 
of the amethopterin treatment. 

After the blood had been collected for the experiments which 
have just been described, the animals were killed, and the livers 
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TABLE V 
The effect of administration of amethopterin in vivo on the blood 
level of phenylalanine 
Phenylalanine was determined by the enzymatic method de- 
scribed in the text. 





| ew 
Serum [Increase over A. 
|phenylalanine| control eer enteacts 


Treatment 





| 

s Sh inciamgnemoal _ 
| is 

o | wunit/mg 

| 


pmoles/ml % 


protein 
Saline control (5 days)..... 0.048 
Amethopterin (5 days) .. 0.080 67 | 
Saline control (4 days)....... ' 0.062 
Amethopterin (4 days)......... 0.087 | 40 
| | | 
Saline control (4 days)........| 0.054 0.19 
Amethopterin (1 day).........| 0.074 37 0.049 
Amethopterin (4 days)........ -| 0.109 100 0.047 





were removed and pooled. Extracts prepared in the usual 
manner for the rat liver enzyme (1) were assayed for phenyl- 
alanine hydroxylase activity. The data in the last column of 
Table V shows that the extracts obtained from the rats which 
had received amethopterin were only 25% as active as those 
from the control groups of animals. From the enzyme activity 
and the blood phenylalanine data, it can be concluded that 
amethopterin can lead to an inhibition in vivo of the conversion 
of phenylalanine to tyrosine. 


SUMMARY 


1. The further purification of the rat and sheep liver enzymes 
has been described. When carried through these procedures, 
both enzymes were essentially completely resolved with respect 
to the phenylalanine-hydroxylation cofactor. 

2. The specificity of the tetrahydropteridines in the system 
has been studied: 2-amino-4-hydroxy-6-methyltetrahydropteri- 
dine was the most active compound tested, whereas the analogue, 
2-hydroxy-4-amino-6-methyltetrahydropteridine, was inactive. 

3. An extended purification procedure for isolating the co- 
factor from rat liver has been described. The product gave 
negative tests for a large series of functional groups. With the 
best preparations, an atypical Pauly test and a characteristic 
fluorescence after alkaline treatment were associated with the 
cofactor activity. 

4. The folic acid antagonists, aminopterin and amethopterin, 
have been shown to inhibit the conversion of phenylalanine to 
tyrosine in vitro and in vivo. 


Acknowledgment—The authors wish to thank Mr. Richard 
Funk for skillful technical assistance during the course of this 
work. 
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Transaminase Activity in Neurospora crassa 


I. PURIFICATION AND SUBSTRATE SPECIFICITY OF A PHENYLPYRUVATE TRANSAMINASE 


R. L. Seecor anp R. P. WaGNeER 


From the Genetics Laboratory of the Department of Zoology, University of Texas, Austin, Texas 


(Received for publication, April 3, 1959) 


Several transaminase reactions catalyzed by crude extracts 
from Neurospora crassa have been investigated by Fincham and 
Boulter (1, 2) and Wagner et al. (3, 4). Their results indicated 
that there are at least 4 transaminases in N. crassa which show 
specificity for a-ketoglutarate (2) and, secondly, that a-keto-6- 
methylvalerate and a-ketoisovalerate transaminate readily with 
leucine and phenylalanine (3, 4). 

These transamination reactions have been further investigated 
in the present study. Particular attention has been paid to those 
reactions which may be involved in the conversions of a-keto- 
6-methylvalerate and a-ketoisovalerate to isoleucine and valine, 
respectively, during the biosynthesis of these amino acids. A 
fractionation procedure is described which was designed to con- 
centrate those Neurospora transaminases with affinity for a-keto- 
§-methylvalerate and to separate them from enzymes which, if 
participating, would subtract from the stoichiometry of the 
transaminase reaction. A study was made of the substrate 
affinities associated with the fractions derived from this proce- 
dure in order to gain information as to the number of distinct 
transaminases in Neurospora, the identity of the substrates for 
which individual transaminases have affinity and the extent of 
the overlap in substrate specificity among transaminases. Such 
information is needed for the clarification of the above mentioned 
transamination leading to isoleucine and valine, and for a better 
understanding of the behavior of mutants apparently blocked at 
this metabolic step. 


EXPERIMENTAL 


a-Ketoisovalerate and a-keto-6-methylvalerate were synthe- 
sized according to Meister (5) and shown to be over 95% pure 
by decarboxylation with ceric sulfate in a Warburg apparatus. 
All other substrates were obtained from Nutritional Biochemicals 
Corporation except pyridoxal phosphate and sodium phenyl- 
pyruvate which were obtained from Hoffman-La Roche, Inc. 
The amino acids used in the assays were the L-isomers except 
for aspartate (DL) and a-aminobutyrate (DL). 

Spectrophotometric Assay for Transamination—Enzyme ac- 
tivity was followed spectrophotometrically as the change in ab- 


* This work was supported in part by Grant 2269 from the Na- 
tional Institutes of Health, United States Public Health Service, 
to R. P. Wagner and by a National Science Foundation Predoc- 
toral Fellowship (1957-1959) to R. L. Seecof. Submitted in par- 
tial fulfillment of the requirements for the degree of Doctor of 
Philosophy in Zoology at the University of Texas, Austin, by R. 
L. Seecof. 

A portion of this work was done in the Department of Bio- 
chemistry, University of California, Berkeley. The authors 
acknowledge, with gratitude, the help of Dr. E. E. Snell. 


sorbancy at 300 my accompanying a change in phenylpyruvate 
concentration, the method being essentially that of Cammarata 
and Cohen (6). Assays were run in 1-ml quartz cuvettes, at 
35°, within a model DU Beckman spectrophotometer. A mix- 
ture containing 7.2 wg of pyridoxal phosphate, 28.6 uwmoles of 
phenylalanine, and 0.25 to 5 mg of protein in 0.9 ml of 0.05 m 
potassium phosphate buffer (pH 8) was incubated for 15 minutes 
and then brought to 1.0 ml by the addition of 0.1 ml of a simi- 
larly buffered solution containing 1.8 wmoles of a-keto-8-methyl- 
valerate. Measurements of change in absorbancy were started 
within 30 seconds after adding the keto acid substrate and con- 
tinued for about 3 minutes. Most of the readings were made 
with the aid of a model 5800 Beckman energy-recording adaptor 
and Brown automatic recorder. When these were unavailable, 
absorbancy values were recorded at 10-second intervals. Con- 
trol experiments, each with a different reaction constituent 
omitted, were run for crude and purified fractions. A control 
blank was found necessary only to compensate for an amino acid 
oxidase in the fraction referred to below as crude supernatant. 

Phenylpyruvate production from a-keto-8-methylvalerate was 
directly proportional to time and to protein concentration in the 
ranges employed (Fig. 1). Control experiments showed that 
changes in the concentrations of reactants other than phenyl- 
pyruvate made negligible changes in absorbancy at 300 my. The 
absorption of phenylpyruvate at 300 my was measured, under 
conditions approximating that of the assay, as 3.20 umoles per 
unit of absorbancy. A unit of enzyme activity was defined as 
producing 1 mumole of phenylpyruvate per minute from a-keto- 
B-methylvalerate and phenylalanine as described above. Spe- 
cific activity figures were calculated as units of enzyme per mg 
of protein; protein had been measured by the method of Lowry 
et al. (7). 

Spectrophotometric measurement of rates, with various donor 
keto acids at initial concentrations of 1.8 wmoles per ml, were 
made with excess phenylalanine (28.6 umoles per ml). Pheny!- 
pyruvate was tested with excess isoleucine (30 wmoles per ml). 
Because phenylpyruvate inhibits this reaction when present in 
concentrations greater than 1 umole per ml (8), a rate for phenyl- 
pyruvate at 1.8 wmoles per ml was taken from a Lineweaver- 
Burk type plot (9) of 1/v x 1/{S]. Various donor amino acids 
(1.8 wmoles per ml) were tested with phenylpyruvate (1 umole 
per ml), the rate being followed as a decrease in absorbancy at 
300 my. Phenylalanine was tested with ketoisoleucine (10 
umoles per ml) as the donor keto acid. 

Column Chromatography Technique—Calcium phosphate gel 
on cellulose was prepared according to Price and Greenfield (10) 
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Fic. 1. The variation of transamination rate with protein con- 
centration. The gel-column fraction was tested with a-keto-f- 
methylvalerate (1.8 ywmoles per ml) and phenylalanine (28.6 
umoles per ml). 
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Fig. 2. A typical elution from a calcium phosphate gel-cellulose 
column. The tops of the “‘steps’’ are the indicated values for 
successively collected 2.4-ml fractions. —— gives absorbancy 
readings made at 280 mu with a water blank. The distribution of 
recovered activity, representing 85% of the activity introduced 
to the column, is shown thus: ---. 


Eluate 


except that the gel pH was not lowered to 5.7. A column of 2.5 
cm diameter with a sintered glass bottom was packed to a height 
of 8 cm, with the use of 1 p.s.i. of air pressure, and equilibrated 
with 0.005 m potassium phosphate buffer, pH 8, containing 0.005 
mM B-mercaptoethanol. A protein solution (3.5 ml, containing 
30 to 50 mg per ml) was introduced on to the column and subse- 
quently eluted under 1 to 5 p.s.i. of air pressure. Elution was 
effected by a gradient of potassium phosphate buffer containing 
0.005 m 6-mercaptoethanol. 

The gradient-elution reservoir was a 250-ml bottle containing 
100 ml of 0.1 m buffer and the mixing chamber a bottle of equal 
size containing 100 ml of 0.005 m buffer. A rubber connection, 
containing 3.5 cm of glass capillary tubing to minimize diffusion, 
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connected the bottles near their bases. The buffer solution 
surfaces were the same distance above ground, and the pressure 
was applied simultaneously to reservoir and mixing chamber, 
During elution, the chamber solution was stirred magnetically 
and led to the column from a point on the chamber wall opposite 
the rubber connection. The eluate from the column was col- 
lected in successive 2-ml fractions at the rate of 8 ml per hour, 
About 75% of the activity introduced into the column was re- 
covered at the front of the second protein peak eluted (Fig. 2). 

Measurement of Reactants for Stoichiometry Demonstration— 
An aliquot of a reaction mixture containing assay components 
(see below) was incubated in a Warburg vessel. The reaction 
was stopped by the addition of 0.2 m ceric sulfate in 2 N sulfuric 
acid from a side arm, and the carbon dioxide liberated from keto 
acid decarboxylation was used as a measure of the total keto 
acids remaining after incubation. Appropriate control vessels 
were run in parallel. 

The reaction in a second aliquot was stopped, and protein 
precipitated, by the addition of 0.1 ml of glacial acetic acid for 
every ml of the aliquot. The phenylpyruvate concentration 
was determined as an enol-borate complex as described by Knox 
and Pitt (11). The amino acids were separated by ascending 
paper chromatography, with the use of a solvent system of pyr- 
idine-n-butanol-water-formic acid (12:8:2:1) and sprayed with 
ninhydrin. Phenylalanine and isoleucine had Rp values of 0.39 
and 0.50 respectively. Ninhydrin spots were eluted and meas- 
ured quantitatively by the method of Giri et al. (12). The ab- 
solute values for the concentration of amino acids in the aliquot 
were determined from a plot of standards developed on the same 
chromatogram. 


RESULTS 


Purification Procedure—About 6 liters of Vogel’s (13) minimal 
medium were supplemented with 0.006 m pt-isoleucine and in- 
oculated with wild type strain 5256 A. The mycelium was 
grown under aeration at 37° for 36 hours, harvested by wringing 
in cheesecloth, rinsed twice in distilled water, and ground with 
a mortar and pestle under liquid nitrogen. The temperature of 
the enzyme solution was kept below 5° thereafter. The pow- 
dered mycelium was ground with a minimal volume of distilled 
water in a TenBroeck glass homogenizer and allowed to extract 
for 30 minutes. Afterwards, the homogenate was centrifuged 
at 20,000 r.p.m. for 30 minutes and the supernatant drawn from 
beneath a fatty layer with a syringe. This fraction is referred 
to below as crude supernatant. 

The protein concentration of the extract was measured by the 
method of Stadtman et al. (14) and diluted with distilled water 
to 20 mg per ml. Aluminum chloride (0.05 m) in distilled water 
was added dropwise and with stirring to bring its final concen- 
tration to 0.0035 m. After 5 minutes the resulting precipitate 
was centrifuged down and discarded. Solid potassium phos- 
phate, monobasic and dibasic, was added to bring the solution 
to 0.05 m in phosphate buffer, pH 6.8. Solid ammonium sulfate 
was then added to 0.35 of saturation and, after 5 minutes, the 
resultant precipitate centrifuged down and discarded. Solid 
ammonium sulfate was added to bring the total supernatant 
concentration to 0.60 of saturation and, after 5 minutes, the sus- 
pension was centrifuged and the supernatant discarded. The 
precipitate was dissolved in 3 to 5 ml of 0.005 m potassium phos- 
phate buffer, pH 8, containing 0.005 m 6-mercaptoethanol, and 
dialyzed for 3 hours against 2 liters of the latter buffered solu- 
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tion. The dialyzed solution was fractionated by column chro- 
matography as described above, and the pooled purified fractions 
(referred to below as gel-column fraction) were used, as indicated, 
in the following experiments. Purified fractions were stored at 
—20° for periods of 1 month without loss of activity. 

Transaminase activity with ketoisoleucine and phenylalanine 
was measured spectrophotometrically as described above. A 
final purification of 15- to 30-fold was obtained with a yield of 
about 20%. After each purification step, the affinities of the 
transaminase preparation for a-keto-8-methylvalerate, a-keto- 
jsovalerate, and a-ketoglutarate were measured separately with 
the use of 1.8 wmoles of each substrate as the donor keto acid 
in the spectrophotometric assay. Table I shows the stepwise 
results of a typical purification run. 

Numerous attempts to purify the preparation through other 
techniques were unsuccessful. The transaminase activity was 
lost rapidly at temperatures above 45°, at pH values lower than 
5.3, or when subjected to acetone or ethanol fractionation at 
-10°. Very little activity could be recovered in eluates from a 
DEAE-cellulose (15) anion exchange column. 

Demonstration of Stoichiometry of Assay Reaction—A reaction 
mixture of gel-column fraction and substrates was incubated for 
70 minutes at 37° in 0.05 m potassium phosphate buffer. Pyri- 
doxal phosphate (10 ug per ml), protein (0.09 mg per ml), a- 
keto-8-methylvalerate (20 umoles per ml), and phenylalanine 
(20 umoles per ml) were present initially. Final reactant and 
product concentrations were measured as described above. 
Table II shows the observed stoichiometric formation of prod- 
ucts from initial reactants. 

Specificities toward Donor Amino and Keto Acids—Enzyme 
specificities of various fractions were determined during the 
purification procedure. Before assaying, crude supernatant was 
dialyzed for 3} hours against 400 volumes of 0.005 m potassium 
phosphate buffer, pH 8, containing 0.005 m 6-mercaptoethanol. 

Various combinations of keto and amino acids (18 umoles of 
each, except 6 umoles of phenylpyruvate) were used as donors 
and assayed afterwards by paper chromatography. Reaction 
mixtures were incubated for 70 minutes at 37° with 100 units of 
enzyme and 7 ug of pyridoxal phosphate in a total volume of 
1.0 ml of potassium phosphate buffer, pH 8. The reaction was 
stopped and protein precipitated by adding 0.03 ml of glacial 
acetic acid. Control mixtures with the donor amino acid omitted 
were incubated at the same time. The amino acid product was 
detected on paper after applying spots of 10-yl aliquots of the 
mixtures. Solvents of pyridine-n-butanol-water-formic acid 
(12:8:2:1) or sec-butanol-formic acid-water (150:30:20) were 
employed. Quantitative measurements were not made except 
to compare the ninhydrin spots visually. 

The results for substrate combinations in which a-ketoglu- 
tarate served as donor keto acid are listed in Table III. An 
amino acid product spot was recovered from those combinations 
in which alanine, aspartate, or ornithine were incubated with 
crude supernatant, but these spots were reduced to barely de- 
tectable traces when the incubation was carried out with the 
gel-column fraction. Additional experiments showed that gel- 
column fraction gave isoleucine production from a-keto-6-meth- 
ylvalerate and a-aminobutyrate, and valine production from 
a-ketoisovalerate and isoleucine, leucine, or methionine. 

Phenylalanine or phenylpyruvate was used, as described above, 
to measure the relative activities of various donors spectrophoto- 
metrically. These rates are reported quantitatively in Table IV. 
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TaBLeE [ 
Results of typical purification procedure 





| - | 
| @-Keto-6-methyl- Relative activity* 











valerate 
Fraction Volume j li 
| Specific | Units of | %Keto-| a Keto. 
| activity | pew he — cme 
Dae 
| ml | 
Crude supernatant 113 57 | 123,000 | 1.3 | 0.80 
AICI; supernatant | 113 | 156 | 72,000] 1.2 | 0.79 
(NH,) SO, fraction | 4 | 287 | 42,000 | 1.5 0.53 
Gel-column fraction | 8 | 1200 | 26,000 | 1.4 | 0.64 








* Activity for a-keto-8-methylvalerate taken as 1. 


TaB_e II 
Stoichiometric nature of assay reaction 


Initially 20 mm a-keto-8-methylvalerate, 20 mm phenylalanine, 
and no isoleucine or phenylpyruvate were present. 





Reectants | Change in reactant 











| concentration 

| pmoles/ml 
a-Keto-8-methylvalerate.............. | —8.8 
I ois n chacuwheukeese maemo’ —6.8 
ie ee oe aia ; +7.3 
eee +8.3 





Taste III 
Transaminase activities in crude and purified fractions 
Donor pairs were incubated with transaminase preparation 
and the amino acid products of transamination were detected by 
paper chromatographic means. Presence or absence of activity 
is denoted by + or —, respectively. 





! 
| Transamination 
| preparation tested 





Donor-substrate pairs a 





| Crude _Gel- 
| extract | column 
| 
ee, (ear 
Alanine a-ketoglutarate | + _ 
Ornithine a-ketoglutarate | + _ 
Aspartate a-ketoglutarate | + ~ 
Isoleucine a-ketoglutarate ob + 
Leucine a-ketoglutarate + + 
Methionine a-ketoglutarate 4+ aa 
a-Aminobutyrate a-ketoglutarate + oo 
Tryptophan a-ketoglutarate | + + 
a-Aminobutyrate a-keto-8-methylval- | + 
erate + 
Isoleucine a-ketoisovalerate + 
Leucine a-ketoisovalerate aa 
Methionine a-ketoisovalerate + 








DISCUSSION 


Fincham et al. (1, 2) found that 12 out of 19 amino acids sur- 
veyed led to the formation of glutamic acid when incubated with 
a-ketoglutarate and crude, dialyzed Neurospora extract. The 
activity of their preparation with respect to several of these 
amino acids was found to be enhanced if the growth medium had 
been previously supplemented with certain amino acids or the 
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TaBLe IV 
Relative activity for donor amino and keto acids 

The numerical values are the rates of transamination for the 
listed donor (1.8 wmoles per ml) when incubated with an excess 
of phenylalanine or phenylpyruvate and 72 units of the gel-col- 
umn fraction. Isoleucine and a-keto-8-methylvalerate were 
used in excess to measure the rates for phenylpyruvate and 
phenylalanine, respectively. Tr = trace activity. 

















Donor [ate trans Donor Portege 
mpmoles/min mpmoles/min 
Phenylalanine | 65 Phenylpyruvate | 126 
Isoleucine 35 a-Ketoisovalerate 79 
Leucine |  "s | a-Keto-6-methylval- 72 
| | erate 
Valine 21 | a-Ketoglutarate 55 
Methionine | 8 Pyruvate 6 
Glutamate tr | Oxalacetate | tr 
a-Aminobutyrate tr Glycine 0* 
Alanine 0 Serine 0* 
Ornithine 0 | Threonine 0* 
Aspartate | 0 | 
* Determination made with crude extract. 
extract was supplemented with pyridoxal phosphate. In order 


to account for the differential responses of the preparation to 
these supplements Fincham et al. (2) postulated that at least 4 
different transaminases were present in wild type strain 126-1A. 
Transaminase activities with respect to alanine, aspartate, and 
ornithine were distinguished from each other and from an activity 
for phenylalanine, isoleucine, valine, leucine, norleucine, nor- 
valine, methionine, a-aminobutyrate, and tryptophan. These 
results suggest that Neurospora possesses at least 4 transaminases 
and that the specificities toward the different amino acids are 
distributed among them as indicated above. 

However, the assay system of Fincham et al. (1, 2) may have 
been complicated by the activity of enzymes other than trans- 
aminases. In general, it is not possible to determine the speci- 
ficity of a transaminase from reactions in crude extracts because 
other transaminase systems might permit the transfer of amino 
groups from donors which are not otherwise reactive with the 
transaminase in question. 

These objections have been partially overcome by the prepar- 
ative procedures reported here. A preparation (the gel-column 
fraction) which has affinity for 8 of the 10 amino acids grouped 
by Fincham et al. (10 including glutamic) has been physically 
separated from transaminases with affinity for alanine, aspartate 
or ornithine. As noted above, the latter three amino acids were 
distinguished by Fincham et al. on other grounds. The data 
listed in Table IV indicate that the transaminase(s) in the gel- 
column fraction react rapidly with keto acids which are ana- 
logues of reactive amino acids. The gel-column fraction cata- 
lyzed transamination between donor keto and amino acids in all 
of 16 combinations which did not include a-ketoglutarate or 
glutamate that were tested. This suggests that transamination 
may occur readily between any pair within the group. It is 
unlikely that endogenous substrates persisted through the puri- 
fication procedure and catalyzed the investigated transamina- 
tions. 

The data listed in Table II show little difference among the 
fractions from the purification procedure with respect to their 
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comparative affinities for 3 donor keto acids from the group of 
10. This indicates that any transaminases eliminated from the 
fractions that were tested had little affinity for these donors 
(under the conditions of the assay). The specificity of the gel- 
column fraction and its relative affinities for donor amino and 
keto acid analogues are discussed in greater detail in a further 
investigation (8). 

Further evidence in favor of Fincham and Boulter’s (2) pro- 
visional distribution of specificities among Neurospora trans- 
aminases is found in the results of Ames and Horecker (16), 
Their preparation, purified about 18-fold, gave transamination 
between imidazoleacetol phosphate and 3 of the above mentioned 
10 amino acids but was not reactive with ornithine, alanine, or 
aspartate. They did not report whether crude extracts were 
active with respect to these latter 3 amino acids in their assay, 
so it is not certain that they achieved a separation of transami- 
nases. Histidine and lysine were previously reported to be 
ineffective as donors to a-ketoglutarate (1), but they transami- 
nated to imidazoleacetol phosphate (16). 

The fractionation of extracts from Z. coli has resulted in the 
separation of transaminases into 3 fractions with differing af- 
finities for donor substrates (17). One fraction showed trans- 
aminating activity between a-ketoglutarate and aspartate, 
tryptophan, phenylalanine, or tyrosine. A second fraction 
transaminated between a-ketoglutarate and isoleucine, valine, 
leucine, norleucine, or norvaline, and a third between a-keto- 
isovalerate and alanine or a-aminobutyrate. Each fraction pro- 
moted transamination among the amino acids (and the analogous 
keto acids) reactive with that fraction, insofar as the substrates 
were tested, but little overlap in affinities was observed between 
fractions (17). The distribution of specificities among the frac- 
tions from E. coli differs from that reported in the fractions from 
Neurospora. Either the transaminases from the two organisms 
differ in their patterns of specificity, or the preparations from 
both organisms contain transaminases of less inclusive specificity. 


SUMMARY 


Crude and fractionated extracts of Neurospora crassa were 
examined to determine their transaminating activities toward 
several amino and keto acids. A preparation was obtained 
which had a specific activity about 20 times that of crude ex- 
tract when assayed spectrophotometrically with phenylalanine 
and a-keto-8-methylvalerate. The purified preparation gave 
stoichiometric formation of products from these reactants. 

Quantitative measurements of transamination rates showed 
13 out of 19 keto and amino acids tested to be reactive with the 
purified preparation. Transaminase activities with respect to 
ornithine, alanine, and aspartic acid were present in crude ex- 
tracts but reduced to traces in the purified preparation. The 
observed distribution of transaminase specificities among the 
fractions derived from Neurospora differed from that previously 
reported from fractionations of E. coli. 
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It is now believed that the amino groups of isoleucine and 
valine are accepted by their respective carbon chains during 
biosynthesis via a transamination. Most of the evidence for 
this hypothesis has been derived from experiments on isoleucine- 
less and valineless mutants of Escherichia coli and Neurospora 
crassa (1-4). It is not positively established whether this trans- 
amination step can be mediated for both amino acids by a single 
enzyme or, contrarily, whether each of the keto acid precursors 
reacts with a separate specific transaminase. 

Wagner and Ifland (5), on the basis of results derived from 
crude preparations, proposed that the anomalous behavior of the 
mutant, T-77 of Neurospora, might be due to a qualitative change 
in isoleucine-valine transaminase. The experiments reported 
here were designed to investigate the behavior of a purified 
transaminase preparation with respect to valine, isoleucine, and 
their respective a-keto acids. Mutant T-77 and wild type 
Neurospora were re-examined. 


EXPERIMENTAL 


N. crassa wild type strain 5256A was used for all experiments 
unless otherwise stated. The other strain used, T-77, is a single- 
gene mutant which excretes a-keto-§-methylvalerate and a- 
ketoisovalerate into the growth medium when grown with a 
threonine supplement (6). The sources of the substrates used 
here are reported elsewhere (7). 

Preparation of Transaminase—The enzyme preparation was 
purified according to the method of Seecof and Wagner (7). 
This preparation had about 20 times the specific activity of a 
crude extract for phenylalanine and a-keto-8-methylvalerate. 
It gave a stoichiometric transaminase reaction with the latter 
substrates and was nearly free from activity for alanine, aspar- 
tate, and ornithine. 

Spectrophotometric Assay of Transamination—The assay was 
identical to that described by Seecof and Wagner (7). The re- 
action rate was measured by following absorbancy changes ac- 
companying phenylpyruvate formation or disappearance at 300 
my in a Beckman model DU spectrophotometer. Measurements 
were made during the period from 30 seconds to 3 minutes after 


* This work was supported in part by Grant 2269 from the Na- 
tional Institutes of Health, United States Public Health Service, 
to R. P. Wagner, and by a National Science Foundation Predoc- 
toral Fellowship (1957-1959) to R. L. Seecof. Submitted in partial 
fulfillment of the requirements for the degree of Doctor of Philoso- 
phy in Zoology at the University of Texas, Austin, by R. L. Seecof. 

A portion of this work was done in the Department of Biochem- 
istry, University of California, Berkeley. The authors acknowl- 
edge, with gratitude, the help of Dr. E. E. Snell. 


the start of the reaction, during which time the rate was directly 
proportional to time and enzyme concentration. Unless stated 
otherwise, all of the assays reported here employed phenylalanine 
(28.6 wmoles per ml) and a-keto-8-methylvalerate (1.8 ymoles 
per ml). Only L-amino acids were used. 

RESULTS 

Effects of Assay Modifications on Reaction Rate—N-Ethy]- 
maleimide was incubated for 20 minutes with enzyme preparation 
and substrates before initiating the reaction by adding a-keto- 
8-methylvalerate. An inhibitor concentration of 0.01 m reduced 
the reaction rate to 0.25 of the control and concentrations of 
0.005 m and 0.001 m gave intermediate rates with no apparent 
plateau. The inhibition was considered not sulfhydryl] specific. 

Ethylenediaminetetraacetic acid, 0.01 M, was tested in similar 
fashion and found to be noninhibitory. 

The variation of transamination rate with pH was measured 
in a pH range of 6 to 9. a-Keto-8-methylvalerate and a-keto- 
isovalerate were tested separately (1.8 wmoles per ml). The 
results are illustrated in Fig. 1. A pH optimum of about 8 was 
observed for both donor keto acids. 

The effect of pyridoxal phosphate supplement on reaction rate 
is shown in Fig. 2. a-Keto-8-methylvalerate and a-ketoiso- 
valerate were tested at initial concentrations of 1 umole per ml. 
The enzyme preparation appeared to be about 0.7 resolved with 
respect to pyridoxal phosphate, and the pattern of stimulation 
was found to be the same for both substrates. 

Transamination rates were measured at 20, 30, 35, and 40°. 
a-Keto-6-methylvalerate and a-ketoisovalerate were assayed 
separately at initial concentrations of 5.4 umoles per ml. The 
enzyme concentration was halved for each 10° rise in temperature 
in order to insure accurate rate measurement. The results are 
shown plotted in Fig. 3. The activation energies calculated 
from these data are listed in Table I. 

Survey of Reaction Rates—Reaction rates were measured for 
several substrates over a 20- to 100-fold range of substrate con- 
centration. For each substrate tested, the second donor sub- 
strate in the assay reaction was used in high concentration in 
order to minimize its influence on the reaction rates. The rates 
for the tested substrates are subject to some error in that higher 
rates might result from still higher concentrations of the donor 
used in excess. The application of Alberty’s equations (see 
below), in particular, require that the rates should not be raised 
by this change. These errors are probably small because rates 
were measured close to zero time and experimentally it was found 
that doubling the phenylalanine concentration in the assay did 
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not significantly change the measured Michaelis constants or T 
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Fia. 6. The variation of transamination rate with change in 
donor amino acid concentration. O——O, donor is isoleucine; 
@——@, valine; ©——, phenylalanine. The ordinate refers to 
phenylpyruvate disappearance (O and @) and to phenylpyruvate 
formation (©). 


1:1 ratio, and a-ketoglutarate were tested with the phenylalanine 
concentration initially at 28.6 wmoles per ml. Phenylpyruvate 
was tested with the isoleucine concentration initially at 30 umoles 
per ml. 

Fig. 6 shows the variation of transamination rate with changes 
in substrate concentration for 3 a-amino acids. Isoleucine 
and valine were tested with phenylpyruvate (1 umole per ml). 
Higher concentrations of phenylpyruvate could not be used 
because of their rate-inhibiting effect. This concentration, how- 
ever, was sufficient to allow high transamination rates because 
of the high enzyme affinity for phenylpyruvate (see below). 
Phenylalanine was tested with the a-keto-6-methylvalerate con- 
centration initially at 10 umoles per ml. Rates with glutamate 
could be measured only at high glutamate concentrations. 

Michaelis constants and maximal velocities were calculated for 
each donor from Eadie type plots (8) of velocity versus velocity / 
substrate concentration. At least 6 points were determined in 
at least a 20-fold range of noninhibitory substrate concentrations 
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for all plots. Repeated independent experiments showed that 
individual Michaelis constant determinations could differ from 
the mean value for that substrate by a factor of 2. The values 
reported in Table II are averages of all the replicates performed 
for each substrate. 

The keto acids gave lower Michaelis constants than their 
respective amino acids. Phenylpyruvate and phenylalanine 
gave the lowest Michaelis constants of the donor keto and amino 
acids respectively. a-Ketoglutarate was the only donor keto 
acid tested that did not inhibit transamination when present in 
high concentrations. 

Determination of Equilibrium Constant—Equilibrium positions 
for the over-all reaction phenylalanine + ketoisoleucine 2 
phenylpyruvate + isoleucine were measured by incubating all 
four substrates for 2 hours, measuring the final phenylpyruvate 


TABLE II 
Michaelis constants and mazimal velocities 


All maximal velocities were calculated for 72 units per ml of 
enzyme activity. 











Substrate Michaelis constant | Maximal velocity 
moles/l * 104 myumoles/min 
Phenylpyruvate. . 1.2 130 
Phenylalanine........ ae 13 110 
a-Keto-8-methylvalerate. . 10 110 
a-Keto-8-methylvalerate*. .. , 10 120 
ae rere 59 150 
a-Ketoisovalerate............ 15 | 140 
a-Ketoisovalerate*...... srs 12 140 
eer ie onas a 111 150 
a-Ketoglutarate...... cae 24 | 130 





* Mutant strain T-77. 


TaB_eE III 
Equilibrium values for transaminase reaction 

The reaction considered was: a-keto-8-methylvalerate + phen- 
ylalanine = phenylpyruvate + isolucine. Among the final con- 
centrations, only phenylpyruvate was measured and the other 
values calculated therefrom. The reaction gives stoichiometric 
formation of products from reactants (7). Initial ratio means 
the value obtained by substituting initial concentrations into the 
equation for the equilibrium constant. 











Initial Final Initial Final ratio 
Reactants concen- concen- aii. (equilibrium 
| tration tration constant) 
a = a umoles/m! | pmoles/ml i 
a-Keto-6-methylvalerate..| 0.90 | 0.93 0.67 | 0.57 
Phenylalanine........... 0.90 0.93 
Phenylpyruvate.... 0.60 0.57 
Isoleucine.......... ; 0.90 0.87 | 
a-Keto-8-methylvalerate..| 0.90 0.885 0.44 | 0.48 
Phenylalanine..... - 0.90 0.885 
Phenylpyruvate . 0.60 0.615 | | 
Isoleucine...... ; 0.60 0.615 | 
| 
a-Keto-$-methylvalerate.., 0.90 1.085 | 1.0 | 0.48 
Phenylalanine....... 0.90 1.085 | 
Phenylpyruvate. . ; 0.90 0.715 
Isoleucine...... , 0.90 0.715 
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concentration as an enol-borate complex (9), and calculating the 
remaining values. Preliminary trials, followed spectrophoto- 
metrically, showed that the enzyme would remain active during 
the incubation time, and established initial concentrations that 
would reach equilibrium before 2 hours. Equilibrium could be 
reached from either side as shown by the values in Table III. 
The equilibrium constant values listed in Table III give an 
exaggerated impression of variability because the calculations 
necessary to derive them from the substrate concentrations tend 
to magnify the experimental errors. The average of the 3 values 
for the equilibrium constant is 0.50. 

Equilibrium constant values were also calculated from the 
kinetic data (Table II) with the use of formulas derived for 2 
model systems devised by Alberty (10). In one of these the two 
substrates are assumed to alternate in associating with the en- 
zyme and in the other the two are required to associate simul- 
taneously. Substitution of our findings for rates (Table II) into 
these equations gave equilibrium constants of 0.33 and 0.72, 
respectively. Since these depart almost equally from the more 
directly determined mean value, no choice between the two 
alternatives is possible on this basis, although chemical evidence 
(14) favors the sequential association. 

Experiments with Strain T-77—Michaelis constants and max- 
imal velocities for a-keto-8-methylvalerate and a-ketoisovalerate 
were determined with a preparation from strain T-77. The re- 
sults are listed in Table II. The energies of activation of the 
preparation were determined for each of the 2 keto acids. The 
results are given in Fig. 3 and Table I. All of the techniques 
used for experiments with T-77 were identical to those reported 
here for wild type. 


DISCUSSION 


Several of the postulated reactions in the biosynthetic path- 
way leading to isoleucine are identical in general type and se- 
quence to those for valine (11). Mutant strains of Neurospora 
and E. coli have been studied which behave genetically as single- 
gene mutants but which exhibit metabolite accumulations or 
requirements in both pathways, and at a comparable step in 
each (1-6). Reduction in enzyme activity for the comparable 
precursor in each pathway has been demonstrated in a Neuro- 
spora mutant (dehydrase activities) (12) and in an E. coli mu- 
tant (transaminase activities) (4). 

If the altered transaminase activities of a mutant are due to 
changes in two enzymes, then, for that mutant, a change in one 
gene resulted in a change in two enzymes. However, the evi- 
dence to date indicates that the missing transaminase activities 
arise from changes associated with a single transaminase. Iso- 
leucine, valine, and their respective keto acid analogues have 
been shown to act competitively in vitro with unpurified trans- 
aminase preparations from both organisms (5, 13). Transami- 
nating activities for both amino acids have remained associated 
during fractionation procedures which separated them from other 
transaminases in Neurospora (7) and E. coli (4). In the present 
study, a-keto-8-methylvalerate and a-ketoisovalerate showed 
competitive behavior when tested in combination with purified 
transaminase preparation (see Fig. 4). Parallel behavior of the 
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latter keto acids was observed in the experiments measuring 
transaminase rate dependency on pH, temperature, and pyridoxal 
phosphate supplement (this paper). 

Wagner and Ifland (5) previously reported that a preparation 
from Neurospora strain T-77 gave a Michaelis constant for a- 
keto-8-methylvalerate that was different from the Michaelis 
constant obtained in similar fashion for wild type. These data, 
however, were obtained with crude extracts. The Michaelis 
constants and maximal velocities for a-keto-8-methylvalerate 
and a-ketoisovalerate obtained with the purified transaminase 
preparation from T-77 in the present study were very close to 
the values obtained for wild type. The absolute values for the 
measured activation energies may not be accurate because pos- 
sible effects of temperature on maximal velocities were not al- 
lowed for. However, the preparation from T-77 responded to 
temperature changes in a fashion not distinguishable from that 
of wild type. The keto acid accumulations by T-77 are appar- 
ently not due to changes in the transaminases investigated to 
date. They may be due to yet uninvestigated transaminases 
or, more likely, to other possibilities which have been discussed 
elsewhere (5). 


SUMMARY 


The behavior of a purified transaminase preparation from 
Neurospora crassa was examined in relation to changes in pH, 
temperature, cofactors, and substrates. Michaelis constants 
and maximal velocities were calculated for 7 substrates. The 
equilibrium constant was determined for an over-all transamina- 
tion reaction. The kinetic behavior of a-keto-6-methylvaleric 
acid and a-ketoisovaleric acid with this preparation supported 
the hypothesis that a single enzyme is active in transaminations 
leading to isoleucine and valine. A Neurospora mutant-strain, 
T-77, excretes the latter keto acids into its growth medium (6) 
but transfers amino groups to them in vitro in a fashion not dis- 
tinguishable from that of the wild type. 
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Studies in several laboratories (1-4) have established that 
isolated tissues growing or surviving in vitro require both phenyl- 
alanine and tyrosine. This finding is in marked contrast to the 
well known sparing effect of tyrosine on the phenylalanine re- 
quirement of the whole animal (5-7). In the latter case, this 
sparing effect has been attributed (8) to the action of “phenyl- 
alanine hydroxylase,” an enzyme system consisting of two parts, 
Fraction I, found only in the liver, and Fraction II, found in 
most tissues studied (9). The dual requirement for phenyl- 
alanine and tyrosine by tissue cultures is in accord with the 
observations on phenylalanine hydroxylase distribution. It is 
also possible, however, that isolated tissue cells may resemble 
certain microorganisms (10) in which these two amino acids arise 
by separate metabolic pathways from a common precursor. 

The survival of chick embryonic heart tissues cultivated in 
vitro in completely synthetic media has proved a sensitive tool 
for the study of amino acid interrelationships (11, 12). Ac- 
cordingly, a study of the phenylalanine-tyrosine requirement in 
this system was undertaken to clarify the relationship between 
these two amino acids. The present communication also re- 
ports data on the stereospecificity of the amino acid requirement 
and the effect of two antagonists, 6-2-thienylalanine and p- 
fluorophenylalanine. The results indicate that these two 
antagonists inhibit different reactions, and some of the char- 
acteristics which distinguish these reactions are discussed. 


EXPERIMENTAL 


Methods for preparation of chick heart cultures and depletion 
of their intracellular reserves have been described previously (3, 
11, 13). The standard control medium was M 150 (14, 15) 
which contains 50.0 mg per liter of pt-phenylalanine and 40.0 
mg per liter of t-tyrosine. For individual experiments, various 
modifications of this medium were prepared as described in 
Table I. The amino acids used in these studies were checked 
for purity by paper chromatography. After the initial 3-day 
depletion period (11) in balanced salt solution, the synthetic 
media were added and were subsequently removed and replaced 
twice each week until death of the cultures. The experimental 
design and the method of evaluating the cultures have been 
described in detail in previous publications (3, 11, 13). The 
significance of differences in survival times was calculated by the 
alternate t test, where required. 


RESULTS 


Phenylalanine Requirement of Chick Embryonic Heart Fibro- 
blasts—Two basic synthetic media were prepared, one containing 
no phenylalanine and the second containing neither phenyl- 


alanine nor tyrosine (M 739 and M 1029, Table I). To these 
media, graded concentrations of L- or p-phenylalanine were added 
and the effect on culture survival determined. The results of 
these experiments are summarized in Fig. 1. It is evident (Curve 
A) that a uniform response curve to L-phenylalanine is obtained 
when the culture medium contains tyrosine. When t-tyrosine 
is not present (Curve B), the response is less marked at lower 
phenylalanine levels but increases sharply at high concentrations, 
No response to p-phenylalanine was obtained either in the ab- 
sence or presence of L-tyrosine (Curve C). 

Tyrosine Requirement of Chick Embryonic Heart Fibroblasts— 
Two basic synthetic media were prepared, one without tyrosine 
and the second without tyrosine or phenylalanine (M 665 and 
M 1029, Table I). To these media, graded levels of L- or DI 
tyrosine were added and the effect on culture survival determined, 
as summarized in Fig. 2. It is apparent (Curve A) that, when 
the culture medium contains phenylalanine, graded levels of 
L-tyrosine cause a marked increase in culture survival. When 
phenylalanine is absent (Curve C), graded levels of L-tyrosine do 
not increase culture survival but cause a sharp toxicity. In the 
presence of phenylalanine (Curve B), the culture response to 
pL-tyrosine is appreciably less than that effected by the L-isomer. 

Inhibition by B-2-Thienylalanine and Its Reversal—The activity 
of §-2-thienylalanine as a phenylalanine analogue has been 
studied in the rat (16) and in bacteria (17) and it was considered 
of interest, therefore, to test its behavior in tissue cultures. 
Graded levels of this analogue were added to complete medium 
M 150 and to media deficient in either phenylalanine, tyrosine, 
or both (Table I). The effects on culture survival were then 
determined (Fig. 3). Low levels of thienylalanine, in the 
presence of both phenylalanine and tyrosine, caused a marked 
increase in culture survival (Curve A). This increase was fol- 
lowed by a progressive toxicity at higher analogue levels. In 
the absence of either tyrosine (Curve B) or phenylalanine (Curve 
C), the same pattern of stimulation at low levels and inhibition 
at high was found. In the absence of both phenylalanine and 
tyrosine (Curve D), no stimulation was observed, but toxicity 
was found at high concentrations of analogue. 

To study the possible reversal of this toxicity, a synthetic 
medium was prepared (M 1502, Table I), containing neither 
phenylalanine nor tyrosine, but with the incorporation of 10.0 
mg per liter of 8-2-thienylalanine. To this toxic medium were 
added graded levels of L- or p-phenylalanine, L-tyrosine, or 
L-tyrosine in the presence of 0.1 mg per liter of phenylalanine. 
The effects of these media on culture survival are summarized 
in Fig. 4. It is evident that t-phenylalanine (Curve A) effects 
complete reversal of the toxicity, but that p-phenylalanine (Curve 
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() is completely ineffective. .-Tyrosine (Curve B) shows only 
a moderate reversal activity at the highest level tested (100.0 
mg per liter). When 1-tyrosine is tested in the presence of 0.1 
mg per liter of phenylalanine (Curve D) a slight reversal is ob- 
served at moderate tyrosine levels and no effect at higher con- 
centrations. 

Inhibition by p-Fluorophenylalanine and Its Reversal—This 
compound is known to be a competitive inhibitor of phenyl- 
alanine in Escherichia coli (18) and, accordingly, its behavior in 
the tissue culture system was investigated, with experimental 
media similar to those employed previously with 6-2-thienyl- 
alanine (Table I). The effects on culture survival were then 
determined and are summarized in Fig. 5. In the presence of 
both phenylalanine and tyrosine (Curve A), low levels of fluoro- 
phenylalanine caused a moderate increase in tissue survival. 
This increase was followed by a marked toxicity at higher con- 
centrations. In medium containing phenylalanine but no 
tyrosine (Curve B), the same pattern of stimulation at low levels 
and toxicity at high was found. In the presence of tyrosine and 
absence of phenylalanine (Curve C), no stimulation at low levels 
of fluorophenylalanine was found but, rather, a marked and 
progressive toxicity. In medium containing neither phenyl- 
alanine nor tyrosine (Curve D), the toxicity of fluorophenylalanine 
was not quite as marked and a slight stimulation was noted at 
the lowest level tested. 

The possible reversal of fluorophenylalanine toxicity was 


TaBLeE I 
Amino acid composition of basic synthetic media used* 








l 
Medium No. Amino acid content 
M 150 | Complete basal medium (contained 50.0 mg/1 pL- 
phenylalanine and 40.0 mg/] L-tyrosine) 
M 665 L-Tyrosine omitted 
M 739 _ ~—s|_ pu-Phenylalanine omitted 


M 1029 | Both pi-phenylalanine and L-tyrosine omitted 
M 1502 M 1029 plus 10.0 mg/1 8-2-thienylalanine 
M 1718 M 1029 plus 1.0 mg/1 p-fluorophenylalanine 





* All other ingredients of these media were identical with the 
formula of M 150 (14, 15), which contained a complete supplement 
of essential and nonessential amino acids, vitamins, purines and 
pyrimidines, certain accessory growth factors, and inorganic ions. 
No serum or other uncharacterized substances were added to the 
synthetic medium at any stage in the experiments. 
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Fic. 1. Response of chick embryonic heart cultures in deficient 
medium to graded levels of L-phenylalanine in presence of tyrosine 
(Curve A), L-phenylalanine in the absence of tyrosine (Curve B), 
and p-phenylalanine (Curve C). 
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Fig. 2. Response of chick embryonic heart cultures in deficient 
medium to graded levels of L-tyrosine in the presence of phenyl- 
alanine (Curve A), pu-tyrosine in the presence of phenylalanine 
(Curve B), and u-tyrosine in the absence of phenylalanine (Curve 


C). 
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Fig. 3. Effect of graded levels of 8-2-thienylalanine on survival 
of chick heart tissues cultivated in complete synthetic medium 
(Curve A), in medium deficient in tyrosine (Curve B), in medium 
deficient in phenylalanine (Curve C), and in medium deficient in 
both phenylalanine and tyrosine (Curve D). 
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of chick heart tissues cultivated in a medium containing a toxic 

level of 8-2-thienylalanine. 


studied by means of a series of media similar to those used pre- 
viously with 8-2-thienylalanine, except that the basic medium 
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Fic. 5. Effect of graded levels of p-fluorophenylalanine on 
survival of chick heart tissues cultivated in complete synthetic 
medium (Curve A), in medium deficient in tyrosine (Curve B), in 
medium deficient in phenylalanine (Curve C), and in medium 
deficient in both tyrosine and phenylalanine (Curve D). 
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Fig. 6. Effect of graded levels of L-phenylalanine (Curve A) 
L-tyrosine (Curve B), p-phenylalanine (Curve C), and L-tyrosine 
in the presence of suboptimal phenylalanine (Curve D) on survival 
of chick heart tissues cultivated in a medium containing a toxic 
level of p-fluorophenylalanine. 


(M 1718, Table I) contained 1.0 mg per liter of p-fluorophenyl- 
alanine. Reversal experiments with these media are presented 
in Fig. 6. It can be seen that the toxicity of fluorophenylalanine 
is completely reversed by t-phenylalanine (Curve A) but that 
L-tyrosine (Curve B) is entirely ineffective. It is interesting to 
note that p-phenylalanine causes a moderate reversal of toxicity 
(Curve C). 1-Tyrosine, in the presence of 0.1 mg per liter of 
phenylalanine, is ineffective (Curve D). 


DISCUSSION 


The dual requirement of tissue cultures for phenylalanine and 
tyrosine affords a test system for studying the metabolic func- 
tions of these two amino acids under conditions free from the 
complex interconversions that occur in the intact animal. The 
present studies, employing completely synthetic media, have 
shown that a tissue response to t-phenylalanine occurs, whether 
or not L-tyrosine is present, but that the magnitude of the 
response is greater in the presence of tyrosine. p-Phenylalanine, 
on the other hand, is completely inert, whether or not tyrosine is 
present. These observations are in general accord with previous 
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growth studies on phenylalanine in the rat (8), chick (19, 20), 
and human (5). With t-tyrosine, however, the pattern of tissue 
response is distinctly different. In the presence of phenylalanine, 
graded levels of t-tyrosine produce a directly correlated survival 
time but, in the absence of phenylalanine, a progressive toxicity 
is exerted by increasing amounts of tyrosine. This toxicity does 
not appear to have been detected previously in other systems and 
serves to emphasize the value of cell cultures for uncovering new 
metabolic interrelationships. These data also support the con- 
cept that phenylalanine and tyrosine are not interconverted in 
isolated tissues, a concept in agreement with the observation by 
Eagle et al. (21) that C-labeled phenylalanine and tyrosine are 
incorporated independently into the protein of cell cultures. 

The observed toxicity of tyrosine in the absence of phenyl- 
alanine suggests a metabolic imbalance involving these amino 
acids comparable to that discussed by Cohen (22) in other sys- 
tems. 

The effect of the amino acid analogues, 8-2-thienylalanine and 
p-fluorophenylalanine, was studied in the tissue culture system 
to determine whether their effects could be related to those re- 
ported previously with animals (16) and microorganisms (17). 
It was found that high concentrations of either B-2-thienylalanine 
or p-fluorophenylalanine markedly decreased tissue survival. 
On the other hand, both inhibitors caused a moderate increase in 
survival when incorporated in the medium at low concentrations. 
With 8-2-thienylalanine, this stimulation was obtained when 
phenylalanine, tyrosine, or both were present in the medium but 
not when both were absent. With p-fluorophenylalanine, 
stimulation was found with all combinations of phenylalanine 
and tyrosine except where tyrosine was present and phenylalanine 
absent. To the best of the authors’ knowledge, the present 
observation appears to be the first report of stimulation by amino 
acid analogues in tissue culture, although stimulation by §-2- 
thienylalanine has been reported with EF. coli (23). 

Reversal studies have shown that the toxicity of 8-2-thienyl- 
alanine can be reversed completely by t-phenylalanine, but that 
the p-isomer is completely ineffective. A moderate, but sig- 
nificant, degree of reversal was also effected by high concentra- 
tions of L-tyrosine. This observation is in contrast to the report 
by Ferger and du Vigneaud (16) that phenylalanine, but not 
tyrosine, reversed the inhibitory effect of this analogue in rats. 
Studies with p-fluorophenylalanine have shown that the toxicity 
of this compound can be reversed completely by L-phenylalanine 
and that L-tyrosine is completely inactive. It was also observed 
that a considerable degree of reversal was effected by p-phenyl- 
alanine. With FZ. coli (24), it has been found that p-fluoro- 
phenylalanine does not inhibit enzyme formation but is in- 
corporated into the enzyme protein. In rat liver and kidney 
slices, this analogue has been shown to inhibit protein break- 
down, as well as protein synthesis under some conditions (25). 
In most systems, therefore, p-fluorophenylalanine appears to 
function as a general inhibitor of amino acid utilization and the 
present findings are in agreement with this concept. The ob- 
servation that tyrosine, by itself, is moderately effective in re- 
versing the inhibition due to 8-2-thienylalanine, but not that due 
to p-fluorophenylalanine, suggests that these antagonists may 
interfere with different systems. 

A difficult factor to eliminate in the present experiments has 
been the possibility of cross-contamination in the samples of 
phenylalanine and tyrosine. 


The chromatographic methods in 
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use in this laboratory (26) employ solvent systems which provide 
a marked separation of phenylalanine and tyrosine. Application 
of a specific color reaction for phenylalanine (27, 28) and the use 
of the Pauly reaction for tyrosine, in conjunction with these 
solvent systems, failed to demonstrate cross-contamination of 
either phenylalanine or tyrosine. On the other hand, minor 
contamination of p-phenylalanine with t-phenylalanine could not 
be eliminated by the methods available. Such a minor con- 
tamination (5% or less) might have been responsible for the 
partial reversal of the toxicity of p-fluorophenylalanine by p- 
phenylalanine. This possibility is rendered somewhat unlikely, 
however, by the complete inability of high levels of p-phenyl- 
alanine to reverse the toxicity of 6-2-thienylalanine or to support 
the survival of the tissue cultures in the absence of inhibitor. 

The present experiments have shown that chick embryonic 
heart cultures possess an absolute requirement for .t-phenyl- 
alanine but that the requirement for L-tyrosine can be demon- 
strated only in the presence of phenylalanine. This relationship 
is smewhat analogous to the previous demonstration (29) that 
chick heart cultures have an absolute requirement for L-cystine 
and only a supplementary requirement for L- or p-methionine. 
Although the interrelationships in these two groups of amino 
acids differ in some details, the findings serve to illustrate the 
importance of cell cultivation methods in evaluating supple- 
mentary nutritional factors. 


SUMMARY 


1. The dual requirement of tissue cultures for phenylalanine 
and tyrosine was studied in chick embryonic heart fibroblasts 
cultivated in vitro in completely synthetic media. 

2. Average survival time was found to be an approximately 
direct function of L-phenylalanine concentration, whether or not 
L-tyrosine was present in the culture medium, but p-phenyl- 
alanine was completely inactive. 

3. A response to L-tyrosine could be obtained only if phenyl- 
alanine was also present in the medium. In the absence of 
phenylalanine, increasing amounts of L-tyrosine caused a pro- 
gressive toxicity. 

4. Two analogues, §-2-thienylalanine and p-fluorophenyl- 
alanine, were both found to markedly inhibit tissue survival. 
Low concentrations of either of these antagonists caused mod- 
erate increase in culture survival. 

5. The toxicity of 6-2-thienylalanine was reversed completely 
by t-phenylalanine but not by the p-isomer; moderate reversal 
was effected by t-tyrosine. The toxicity of p-fluorophenyl- 
alanine was reversed completely by t-phenylalanine and partially 
by p-phenylalanine, while L-tyrosine was completely ineffective. 
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The occurrence of N-acety]l-L-aspartic acid in mammalian and 
avian brain at concentrations from 80 to 120 mg per 100 g fresh 
weight of tissue was demonstrated recently by Tallan et al. (1). 
The pattern of distribution of acetylaspartic acid in bovine brain 
was found by Tallan (2) to parallel that of many enzymes and to 
correlate equally with both the distribution of respiratory activity 
and the degree of vascularity of the central nervous system. The 
metabolic importance and functional role of this compound 
which appears to occur specifically in nerve cells of higher ani- 
mals (2) is unknown. 

A very small conversion of C-labeled glucose or aspartate 
into the acetylaspartic acid of brain preparations has been re- 
ported (3). The present communication describes a study of 
the enzymatic mechanism involved in the synthesis of acetyl- 
aspartic acid by rat brain. The results indicate that acetyl 
coenzyme A is the activated intermediate in the conjugation of 
L-aspartate by a specific acylating enzyme present in the super- 
natant fraction of rat brain homogenates. The participation of 
acetyl adenosine 5’-phosphate and some properties of the enzyme, 
aspartic acetylase, have been investigated. 


EXPERIMENTAL 


Acetyl-CoA, butyryl-CoA, benzoyl-CoA, and phenylacetyl- 
CoA were prepared by treatment of reduced CoA with the 
corresponding acid anhydride (4, 5). Fluoroacetyl-CoA and 
propionyl-CoA were made similarly from the corresponding 
mixed anhydride of ethyl carbonate (6). Acyl-AMP derivatives 
were prepared by the general method of Avison (7), acetyl-AMP 
and butyryl-AMP according to the procedure of Berg (8), and 
benzoyl-AMP and phenylacetyl-AMP from the directions of 
Moldave and Meister (9). Disodium ATP and AMP were 
purchased from Schwarz Laboratories, Inc. Reduced CoA, 1- 
aspartic acid, and b-aspartic acid were obtained from Nutri- 
tional Biochemicals Corporation. Sodium acetate-1-C“ and 
pL-aspartic-4-C"™ were products of Tracerlab, Inc. Fluoroacetic 
acid was purchased from K & K Laboratories and sodium fluoro- 
acetate was kindly furnished by Dr. Roscoe O. Brady. 

Analytical Procedures—Acetylaspartic acid was isolated by 
ion exchange chromatography according to the procedure of 
Tallan et al. (1) with some minor modification. Perchloric acid 
was used as the protein precipitant. The KOH-neutralized, 
perchlorate-freed samples were transferred to 0.9 x 15-cm 
columns of Dowex 1 X8 acetate (—400 mesh). The fore-run 
was omitted. Ammonium acetate buffers to which one-tenth 
volume of 95% ethanol was added just before use, were 

* This investigation was supported in part by research Grant 


No. M-1192 from the National Institute of Mental Health, Na- 
tional Institutes of Health, United States Public Health Service. 


employed throughout. Effluent fractions of approximately 2 
ml were collected directly on stainless steel planchets, dried by 
infrared radiation, and subsequently assayed for radioactivity, 
For the chemical determination of acetylaspartic acid after 
measurement of radioactivity, three successive 1 ml portions of 
distilled water were used to dissolve and transfer the material 
from the plate to a small (1.0 x 2.5-cm) column of Dowex 50 
X8(Na*) which retained ammonium ions. To obtain the acetyl 
aspartic acid in the minimum effluent volume, air pressure was 
applied to the top of the column between additions. When 
necessary, elution with water was continued until the effluent 
was free from appreciable radioactivity. Aliquots of the effluents 
were reacted with ninhydrin directly and after mild acid hydroly- 
sis (1). In most experiments with the partially purified enzyme, 
the amount of acetylaspartic acid formed was calculated from 
its radioactivity and a conversion factor relating counts per 
minute to umoles of acetylaspartic acid. 

Enzyme Preparation—Routinely, the cerebral hemispheres 
from 15 to 18 young rats (80 to 100 g each) were homogenized 
with 30 ml of cold sucrose-potassium phosphate-MgSO--nicotin- 
amide medium (10) ina Teflon pestle homogenizer. The homog- 
enate was centrifuged at 30,000 x g for 45 minutes at 0-5°. 
The supernatant was mixed with saturated ammonium sulfate 
solution (stored at room temperature) to produce 20% satura- 
tion. After standing 30 minutes in the cold, the precipitate was 
sedimented and dissolved in 10 ml of cold distilled water. Since 
either dialysis or repeated freezing and thawing resulted in con- 
siderable losses in activity, the solution was used without further 
treatment and stored at 0-5°. Maintained under these condi- 
tions, the preparations, which contained from 8 to 10 mg of 
protein per ml, remained stable and demonstrated consistently 
reproducible acylating activity for weeks. 


RESULTS 


Studies on Acylating Enzyme System—Preliminary studies with 
sliced rat brains demonstrated that young or adult tissue incu- 
bated aerobically in glucose-phosphate medium would incorpo- 
rate radioactivity from acetate-1-C™“, pyruvate-2-C™, or uni- 
formly labeled aspartate-C™ into acetylaspartic acid, although 
at a feeble rate. The presence of potassium chloride at a final 
concentration of 0.05 to 0.1 mM almost doubled the rate of acetyl 
aspartate synthesis without affecting the incorporation of acetate 
into the cholesterol of the same tissue samples. The acylating 
activity of homogenates was confined to the supernatant phase 
which, however, displayed limited acetate-activating ability. 
Added acetyl-AMP or acetyl-CoA rapidly disappeared in these 
extracts without concomitant acetylation. Coupling of the 
brain supernatant solution with an extract of acetone-dried 
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pigeon liver in the presence of C™ acetate, ATP, Mg**, KCl, and 
sspartate produced an enhanced system (11) and facilitated 
fractionation of the brain preparation. On the basis of acylat- 
ing activity per mg of protein, the 0 to 20% ammonium sulfate 
fraction represented a 21-fold purification with respect to the 
original homogenate and a 3-fold purification with respect to the 
supernatant solution. Recovery of the enzyme appeared to be 
complete. 

The formation of acetylaspartate from acetyl-CoA and L- 
aspartate was directly proportional to enzyme concentration 
and did not occur in the presence of boiled enzyme. The optimal 
pH range for enzymatic activity was found to be from pH 6.0 
to 6.8 with activity diminishing sharply on either side of the 
peak (Fig. 1). Acetyl-AMP reacts nonenzymatically with amino 
acids and certain other nitrogenous substances to form N-acetyl 
derivatives (12). Compared with other amino acids tested, 
sspartate was very slowly acylated nonenzymatically, but at a 
rate sufficient to interfere in studies on the enzymatic utilization 
of acetyl-AMP at pH values above 6.0 (Fig. 1). The time course 
of the acetylation of aspartate by acetyl-CoA showed a significant 
lowering of rate after the first hour. This may have been due 
to the comparatively rapid change in acetyl-CoA concentration 
in the system employed with the enzyme extract, since results 
with slices and acetate-1-C™ indicated a constant rate over a 
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Fic. 1. pH dependence of the partially purified aspartic acetyl- 
ase preparation. §§——@™, values obtained with 0.75 umole of 
acetyl-CoA, 4.6 wmoles of aspartate (a mixture of 4.55 umoles of 
C-L-aspartate and 0.05 umole of pL-aspartate-4-C™ (9.0 x 105 
¢.p.m. per ymole)), 75 wmoles of KCl, 0.33 ml of enzyme solution, 
and 50 umoles of buffer in a total volume of 1.0 ml; incubated at 
37° for 2 hours. A——A, nonenzymatic acetylation of aspartate 
by acetyl-AMP. The reaction mixtures contained 1.0 umole of 
acetyl-AMP, 10 umoles of L-aspartate, and 100 umoles of buffer ina 
total volume of 2.0 ml; incubated at 37° for 30 minutes. Potas- 
sium acetate buffers were used below pH 6.0, potassium phosphate 
buffers were used between pH 6.0 and 7.8, tris(hydroxymethy])- 
aminomethane between pH 8.1 and 9.0, and potassium carbonate- 
bicarbonate was employed above pH 9.0. 
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Fig. 2. Effect of acetyl-CoA and aspartate concentration on 
acetylaspartate synthesis. For the aspartate dependence curve 
(@——@) the conditions of incubation were similar to those 
given with Fig. 1 for the enzymatic system at pH 6.8, except that 
aspartate was varied as indicated. For the acetyl-CoA depend- 
ence curve (§§J——™) the reaction mixtures contained 4.6 ~umoles 
of aspartate and acetyl-CoA as indicated. 


TaBLeE I 

Specificity of acetylating enzyme with respect to amino acid 

Components of the complete system in 1.0 ml, 50 wmoles of 
potassium phosphate (pH 7.5), 5 wmoles of MgSO,, 90 umoles of 
KCl, 15 wmoles of KF, 5 uwmoles of ATP, 0.1 umole of reduced 
CoA, 0.5 umole of 1-C'*-acetate (8.0 X 10‘ c.p.m. per umole), 5 
umoles of each amino acid indicated, dialyzed A-40 fraction of 
acetone-dried pigeon liver (2.5 mg of protein), rat brain acylating 
preparation (1.5 mg of protein). Incubation time, 2 hours at 37°. 
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3-hour interval studied. The effect of L-aspartate and acetyl- 
CoA concentrations is shown in Fig. 2; maximal activity was ob- 
served with 40 umoles of aspartate. The system appeared to be 
saturated with 2.5 to 3.0 wmoles of acetyl-CoA. 

Specificity—Studies with the isomers of aspartic acid, 1- 
glutamic acid, and a number of acyl-CoA derivatives indicated 
an absolute specificity of the acylating enzyme for acetyl-CoA 
and L-aspartic acid. No evidence for the conjugation of as- 
partate was obtained after incubation with fluoroacetyl-CoA, 
propionyl-CoA, butyryl-CoA, benzoyl-CoA, or phenylacetyl- 
CoA. The rate of acetylation of L-aspartate was not influenced 
by the presence of p-aspartate or L-glutamate. Table I sum- 
marizes the data concerning specificity with respect to amino 
acid. 

Studies with Acetyl-AMP—In the presence of reduced CoA, 
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Fig. 3. Effect of reduced CoA on the synthesis of acetylaspar- 
tate from acetyl-AMP and L-aspartate. Components of the com- 
plete system in 2.0 ml, 100 wmoles of potassium phosphate (pH 
6.0), 4.6 wmoles of L-aspartate, 0.05 umole of pL-aspartate-4-C 
(9.0 X 105 c.p.m. per umole), 150 wmoles of KCl, 1.0 umole of 
acetyl-AMP, and 1.0 ml of enzyme preparation. Reduced CoA 
was varied as indicated. Incubation time 2 hours at 37°. 


TaBLe II 
Stimulation of acetylaspartate synthesis 
by various univalent anions 
Components of the complete system in 1.0 ml, 50 umoles of 
citrate-sodium phosphate (pH 6.4), 4.0 uzmoles of L-aspartate, 0.04 
umole of pL-aspartate-4-C' (9.0 X 105 c.p.m. per umole), 0.50 
umole of acetyl-CoA, 37.5 umoles of K,SO, and Li,SO, or 75 umoles 
of other salt as indicated, 0.40 ml of enzyme preparation. Incu- 
bation time 2 hours at 37°. Salt solutions were at pH 6.5 to 7.0, 











Addition Acetylaspartic acid formed 
myumoles 
Nil 70 
KF 70 
NH,Cl 159 
LiCl 164 
NaCl 177 
KCl 177 
KBr 221 
KI 242 
KCIO; 210 
KCNS 173 
NaNO, 203 
KNO; 190 
NH,AcO 54 
Li.SO, 55 
K.SO, 80 





acetyl-AMP could substitute for acetyl-CoA with this prepara- 
tion. However, the rate of synthesis of acetylaspartate from 
acetyl-AMP and reduced CoA was less than half of that ob- 
served with acetyl-CoA under similar conditions. The utiliza- 
tion of acetyl-AMP was completely dependent upon the addition 
of reduced CoA (Fig. 3). The absence of activity with boiled 
enzyme and requirement for reduced CoA exclude any con- 
tributory nonenzymatic acetylation. The addition of free AMP 
produced significant inhibitions of acetylaspartate formation 
from acetyl-AMP (40 and 66% by 10 and 20 umoles of AMP, 
respectively) but not when acetyl-CoA was the precursor. These 
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findings clearly indicate that the conversion of acetyl-AMP to 
acetyl-CoA represented the rate-limiting step in this system. 

Effect of Anions—The stimulation of acetylaspartate synthesis 
by potassium chloride first observed with brain slices early in 
these studies persisted in every system investigated. The re. 
sults shown in Table II demonstrate that the effect is mediated 
by the anion and, is also observed upon the addition of bromide, 
iodide, chlorate, nitrite, nitrate, or thiocyanate. Acetate, 
phenylacetate, phosphate, citrate, tartrate, oxalate, arsenite, and 
arsenate were ineffective under similar conditions. Although 
concentrations of chloride or bromide in the range of 0.01 to 
0.025 m almost doubled the rate of acetylaspartate synthesis, 
maximal effects were observed with concentrations approaching 
0.08 M. 

Competitive Inhibition by Acyl-CoA Derivatives—All of the fatty 
acid-CoA derivatives examined competed with acetyl-CoA for 
the acylating enzyme (Figs. 4 and 5). From the data obtained 
from a number of experiments, the K,, for acetyl-CoA was as- 
certained to be 5.4 X 10~. Fluoroacetyl-CoA, propionyl-CoA, 
and benzoyl-CoA were found to be very weak inhibitors with 
considerably lower affinities for the enzyme than that of the 
substrate (Table III). However, in a coupled system composed 
of the acylating preparation and a dialyzed extract of acetone- 
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Fic. 4. Competitive inhibition of aspartic acetylase by bu- 
tyryl-CoA. The reciprocal of the initial velocity is plotted 
against the reciprocal of acetyl-CoA concentration. The reac- 
tion mixtures contained 25 wmoles of potassium phosphate (pH 
6.4), 37.5 umoles of KCl, 1.8 wmoles of L-aspartate, 0.02 umole of 
DL-aspartate-4-C" (9.0 X 105 ¢.p.m. per umole), 0.20 ml of enzyme 
solution in a total volume of 0.50 ml. Lower curve, values obtained 
with concentrations of acetyl-CoA varying from 0.19 to 0.56 
umole. Middle curve, values obtained with the same range of 
acetyl-CoA concentrations in the presence of 0.15 umole of bu- 
tyryl-CoA. Upper curve, values obtained with the same range of 
acetyl-CoA concentrations in the presence of 0.40 umole of bu- 
tyryl-CoA. 
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dried rabbit kidney which activated both acetate and fluoro- 
acetate (13), a 46% inhibition of acetylaspartate synthesis was 
observed with acetate and fluoroacetate present at equimolar 
concentration. With acetyl-AMP as substrate and other acyl- 
AMP derivatives tested at a concentration of 2.0 x 10 Mm, 
inhibitions of 24 and 51% were observed with butyryl-AMP and 
phenylacetyl-AMP, respectively. Benzoyl-AMP was not in- 
hibitory under the same conditions. 


DISCUSSION 


The results obtained in this study suggest that the synthesis of 
acetylaspartic acid in brain may be represented by the following 
reactions: : 


Acetate + ATP = acetyl-AMP + PP (1) 


Acetyl-AMP + CoA-SH = acetyl-CoA + AMP (2) 
Acetyl-CoA + L-aspartate — acetylaspartate + CoA-SH (3) 


Reactions 1 and 2 represent the activation of acetate as 
originally proposed by Berg (8). The requirement for ATP in 
the utilization of acetate (11) and the reduced CoA-dependent 
participation of acetyl-AMP in the conjugation of aspartate sup- 
port the involvement of the two step mechanism. Reaction 3 is 
analogous to that previously designated for acylations catalyzed 
by animal tissues (5, 9, 14-17). 

The experimental findings indicating an absolute specificity of 
the enzyme for acetyl-CoA and L-aspartate are in agreement 
with the results of Tallan et al. (1) who found N-acetyl-L-aspartic 
acid as the only conjugated amino acid present in significant 
amounts in protein-free brain extracts. Moreover, the average 
rate of synthesis of acetylaspartate from acetyl-AMP, reduced 
CoA, and L-aspartate (Fig. 3) corresponds closely to the average 
rate of deposition of acetylaspartic acid in the brains of young 
rats from the 10th to the 20th day of life (2), the approximate 
values being 4.8 and 6.5 mg per 100 g of fresh weight of tissue 
per 24 hours, respectively. 

In discussing the possible role of acetylaspartic acid, Tallan (2) 
considered its contribution in making up a part of the anion 
deficit known to exist in nervous tissue and the striking correla- 
tion of acetylaspartic acid distribution with the sites of high 
respiratory activity and increased blood supply in the brain. 
The possible involvement of acetylaspartic acid in the trans- 
mission of the nerve impulse was discounted largely on the basis 
of its absence in detectable amounts in the brains of lower species 
and in the electric organ of the electric eel. The present study, 
unfortunately, offers little further indication of the functional 
role of acetylaspartic acid in mammalian brain. That a mech- 
anism exists in rat brain for the hydrolysis of acetylaspartic acid 
became apparent during the course of these studies. The almost 
complete disappearance of the acetylaspartate contained in rat 
brain supernatants was found to occur during 2 to 3 hour in- 
cubations at 37°. Further work on the hydrolysis of acetyl- 
aspartic acid is in progress. 


SUMMARY 


An enzyme, aspartic acetylase, which catalyzes the acetylation 
of L-aspartic acid by acetyl coenzyme A to form N-acetyl-1- 
aspartic acid, has been obtained in a partially purified state from 
rat brain. With this preparation, acetyl adenosine 5’-phosphate 
in the presence of coenzyme A could be substituted for acety] 
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Fic. 5. Competitive inhibition of aspartic acetylase by fluoro- 
acetyl-CoA, propionyl-CoA, benzoyl-CoA, and phenylacetyl-CoA. 
The molar concentrations and conditions of incubation were simi- 
lar to those for Fig. 4, except that the final volume was 1.0 ml. 
@, ©, values obtained with concentrations of acetyl-CoA vary- 
ing from 0.14 to 0.70 umole in two separate experiments. @, 
values obtained with the same range of acetyl-CoA concentrations 
in the presence of 0.75 umole of benzoyl-CoA; O, 1.9 umoles of 
fluoroacetyl-CoA; A, 2.1 umoles of propionyl-CoA; A, 0.75 umole 
of phenylacetyl-CoA. 


TaBLeE III 


Affinity constants of various acyl-CoA derivatives 
for aspartic acetylase 











Acyl-CoA Ks Ky 
Acetyl-CoA 5.4 X 10-4 | 
Fluoroacetyl-CoA | 2.6 X 10° 
Propionyl-CoA | 2.1 X 1078 
Butyryl-CoA 2.5 X 10-¢ 
Benzoyl-CoA | 1.2 X 10-3 

4.5 X 10-4 


Phenylacetyl-CoA 





coenzyme A. The enzyme appears to have an absolute speci- 
ficity for acetyl coenzyme A and L-aspartic acid. Enzyme ac- 
tivity was stimulated by the presence of various univalent in- 
organic anions and inhibited competitively by a number of fatty 
acid-coenzyme A derivatives. 
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It has recently been demonstrated that tyrosine-a-keto- 
glutarate transaminase activity of rat liver can be increased 
several fold in vivo by administration of tyrosine and adrenal 
steroids (1), and that this activity normally undergoes even more 
striking changes during the first day of postnatal life (2). It 
was considered that an understanding of the mechanism of these 
changes may be facilitated by study of the purified enzyme in 
vitro. The present report describes methods for the partial 
purification of this enzyme from rat liver extracts, as well as 
some of the properties of the partially purified enzyme. The 
purification of an enzyme from dog liver with similar substrate 
specificity, but differing in some properties, has been described 
by Canellakis and Cohen (3, 4). 


EXPERIMENTAL AND RESULTS 


Assays—The enzyme was routinely assayed by incubation for 
10 minutes at 37° with 6 wmoles of L-tyrosine, 30 uwmoles of 
a-ketoglutarate, 50 umoles of potassium phosphate buffer at pH 
7.6, 30 ug of pyridoxal phosphate, and water to a final volume of 
2.5 ml. With preparations demonstrably inactive without sup- 
plemental pyridoxal phosphate, all components except the co- 
enzyme were preincubated for 5 minutes before the reaction was 
initiated by its addition. This assay was used for cruder prepara- 
tions with the following changes: (a) initiation of reaction with 
a-ketoglutarate, with all other components preincubated, and 
(b) in the assay of homogenates or soluble fractions, 5 umoles of 
diethyldithiocarbamate were added, which effectively prevents 
product removal by p-hydroxyphenylpyruvate oxidase (5). The 
reaction was stopped by addition of 0.5 ml of 30% trichloroacetic 
acid, and aliquots of the clear mixtures after centrifugation were 
analyzed for p-hydroxyphenylpyruvate by a modification of the 
Briggs reaction (6). These conditions yield zero order kinetics 
within a relatively narrow range (Fig. 1), and the enzyme was 
usually assayed at two or more levels to ensure that a linear 
response was obtained. One unit of enzyme is defined as the 
amount that will catalyze the formation of 1 ug of p-hydroxy- 
phenylpyruvate under these conditions. Proteins were usually 
estimated by a modification of the biuret reaction (7), but for 
the very dilute solutions obtained during ion exchange chroma- 
tography, the more sensitive Lowry procedure (8) was used. 
Both methods were standardized with bovine serum albumin 
(Armour) as the standard. 


* This investigation was supported by a research grant (A-389) 
from the National Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. 

t Present address, Biology Division, Oak Ridge National Lab- 
oratories, Oak Ridge, Tennessee. 


Purification—Studies described below show that the trans- 
aminase is very sensitive to reagents which bind or oxidize 
sulfhydryl groups; however, it is insensitive to metal-binding 
agents. It was found that some losses of activity during purifica- 
tion could be prevented by measures which remove contaminating 
heavy metals. Those used routinely included the addition of 
EDTA! at 10-* m to all buffers and solutions with which the en- 
zyme was in contact, recrystallization of ammonium sulfate from 
10-* mu EDTA, and preliminary soaking of dialysis tubing with 
10-* m EDTA. 

Adult rats of the Long-Evans strain of both sexes were used, 
and all steps were carried out at 0 to 3°. The enzyme can be 
essentially quantitatively recovered from the soluble fraction 
(105,000 x g supernatant) of liver homogenates prepared with a 
motor-driven Teflon homogenizer (Table I). However, when 
large scale purification was attempted, it was found that ho- 
mogenization in the Waring Blendor failed to solubilize more than 
50% of the enzyme. Accordingly, the initial step in purification 
was carried out with the use of 6 to 18 rat livers in one run. 
They were homogenized in 4 volumes of cold 0.15 m KCl with 
the Teflon homogenizer, and centrifuged at 105,000 x g for 30 
minutes. Supernatant liquids were decanted, the particulate 
fractions rehomogenized with about one-fourth the original vol- 
ume of KCl, and recentrifuged as before. This supernatant was 
added to the original to constitute the soluble fraction, contain- 
ing from 90 to 100% of the activity of the homogenate, with an 
increase in specific activity of 3- to 5-fold (Table II). Soluble 
fractions lose little or no activity when stored at —15°, and were 
frozen immediately upon preparation, to be thawed for further 
fractionation after a liter or more had been accumulated. 

After thawing, solid ammonium sulfate was added to 0.40 
saturation, while the preparation was stirred in an ice bath. 
The resulting precipitate was removed by centrifugation at 
10,000 x g for 10 minutes, or by filtration through fluted papers, 
and was discarded. The supernatant was brought to 0.60 satura- 
tion with solid ammonium sulfate, and the precipitate was col- 
lected by centrifugation and taken up in a minimal volume of 
0.05 m phosphate buffer at pH 7.9. The yellow, viscous solu- 
tion was dialyzed overnight against two volumes of 3 liters of 
0.005 m phosphate, pH 7.9, with external stirring. The dialyzed 
ammonium sulfate precipitate usually contained most of the ac- 
tivity of the soluble fraction, although in some preparative runs 
large losses were observed in this step which were not prevented 
by EDTA. 

The dialyzed ammonium sulfate precipitate was then subjected 


1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; BAL, 2,3-dimercaptopropanol. 
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Fig. 1. Effect of varying amounts of enzyme on reaction rate. 
Assays were carried out as described in the text. The enzyme 
preparations used were a crude liver homogenate of specific ac- 
tivity 21.6 units per mg of protein (@——@), and the purified 
enzyme of specific activity 3400 units per mg protein (O——O). 


TABLE I 


Recovery of tyrosine transaminase in soluble 
fractions of liver homogenates 

Livers were homogenized in 0.15 m KCl with a Teflon homoge- 
nizer. Homogenates were centrifuged at 105,000 X g, the pellets 
washed with KCl and recentrifuged, and the washes added to the 
original supernatant liquids to constitute the soluble fractions. 
In each of Experiments 1 and 2 one male rat was used; in Experi- 
ment 3 the livers of three female rats were pooled. 





Total activity 
Experiment No. — 








Homogenate Soluble fraction 
Beet ane a, ats —lt(‘(il”sé*é‘<i‘iéiRls! 
1 27,800 27 ,200 
2 22,700 22,200 
3 79,200 76,300 
TaBLe II 


Summary of purification of tyrosine transaminase from rat liver 














‘ : pare ae . |Specific 
Fraction Enzyme activity Protein activity 
| | 
: | mg/ | | units/ 
units/ml total units | a ~ meg | mg 
Homogenate*.............. 16-30* 


Soluble fraction..............| 1,800 2, 208, 000)14.7/17, 900 123 
GeO. eet............... 18,800/1, 449, 000|80.2| 6,200 234 
Column eluate I............. 141,400 538,000/22.4 


292) 1,900 
Column eluate II........ .../88,200) 229,000/12.5 75| 3,100 





* The range of activity found in adult liver homogenates is in- 
cluded for comparison. 


to preliminary ion exchange chromatography on a 2 X 15-cm 
column of DEAE-cellulose (Brown Company, Berlin, New 
Hampshire) pre-equilibrated with 0.005 m phosphate at pH 7.9. 
After addition of the enzyme the column was washed with 100-ml 
volumes of 0.005 m, 0.05 m, 0.1 mM, and 0.2 m phosphate, all at 
pH 7.9. The first two such eluates always contained most of 


T yrosine-a-ketoglutarate Transaminase of Rat Liver 


Vol. 234, No. 10 





1000 + 


800 || = 1600 


“a | | sr 


e@ PROTEIN (yG. PER ML.) 
(IW Y3d SLINM) 3WAZN3 ° 














400 + \ 4 800 
200 F 4 400 
i Sa, 

ee Q 
nesaermemmaneser nar 
0 o0c000 4 + + _— 0° 
20 40 60 80 
TUBE NUMBER 


Fic. 2. Gradient elution of tyrosine transaminase from DEAR. 
cellulose. The contents of each tube were assayed for enzyme 
activity (O——O) and protein (@ @); for simplicity only the 
data from every second tube is presented. The shaded area at 
the bottom of the figure indicates the samples that were pooled to 
yield the enzyme preparation designed as ‘“‘column eluate IT” in 
Table II. 





the protein but little of the enzyme activity, and were discarded. 
Distribution of the enzyme in 0.1 m and 0.2 m eluates was found 
to be dependent on the amount of protein added to the column; 
when large amounts were added, as in the preparation described 
in Table II, the enzyme was usually present in both eluates. 
When smaller scale runs were made the enzyme always stayed on 
the column until eluted with 0.2 m phosphate. Eluates con- 
taining the activity were combined, and the enzyme precipitated 
by addition of solid ammonium sulfate to 0.60 saturation. The 
precipitate was taken up in 0.05 m phosphate, pH 7.9, and 
dialyzed again against 6 liters of 0.005 m phosphate, pH 7.9, for 
12 hours or longer. The enzyme is a yellow-green color at this 
stage (column eluate I, Table II) and has a specific activity 50 
to 100 times greater than liver homogenates. 

The enzyme was purified further by gradient elution from 
DEAE-cellulose. The mixing chamber contained 1 liter of 0.075 
M phosphate, and the second chamber 2 liters of 0.2 m phosphate, 
both at pH 7.9. Flow rate averaged 1 ml per minute, and the 
eluate was collected in roughly 10-ml volumes. The results are 
graphically presented in Fig. 2. The first five eluates contained 
no transaminase activity, but much protein, and were quite green 
in color. A qualitative assay of these eluates for catalase, with 
the use of the perborate method of Feinstein (9), showed them 
to have strong catalatic activity, and traces of catalase activity 
were present in subsequent eluates containing transaminase. 
Tyrosine transaminase activity was spread throughout most of 
the rest of the chromatogram, with considerable variation in 
specific activity. In several experiments in which gradient elu- 
tion was repeated, with gradients from 0.05 to 0.2 m and 0.1 to 
0.5 m, the pattern seen in Fig. 2 was consistently obtained, in- 
cluding variation in specific activity. The most active fractions 
were combined, and the enzyme again precipitated by the addi- 
tion of solid ammonium sulfate to 0.60 saturation and dialyzed. 
This preparation (Column eluate II, Table II) is purified 100- 
to 150-fold over liver homogenates. The purified enzyme is 


quite stable when stored at —15°; only slight losses of activity 
were observed after a period of 4 months, with frequent thawing 
Attempts to purify this preparation further by 


and freezing. 
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jsoel-ctric precipitation, heat treatment, or calcium phosphate 
gel absorption were uniformly unsuccessful. 

Subsequent to these experiments it was found that an alterna- 
tive procedure which eliminates the need for two separate chro- 
matographie steps could be used satisfactorily. In this method 
gradient elution was begun immediately after the column was 
washed with 0.005 and 0.05 m buffers. The pattern of distribu- 
tion of protein and transaminase activity in the eluates was again 
similar to that seen in Fig. 2, and pooled eluates yielded a prepara- 
tion with specific activity of 3400 units per mg of protein. 

Characterization—After dialysis against 0.005 m phosphate, 
pH 7.9, to remove EDTA, spectral analysis of the purified en- 
zyme (3400 units per mg of protein) in the Beckman model DU 
spectrophotometer yielded a ratio of absorbancies at 280 and 260 
my of 1.70, indicating less than 0.159% nucleic acid contamination 
(10). The preparation was faintly green, but showed no sig- 
nificant absorption throughout the ultraviolet and visible ranges 
except the peak at 280 mu. 

Analysis in the analytical ultracentrifuge (Spinco model E) 
indicates that two major components, and traces of others, are 
present (Fig. 3). That transaminase activity resides in the 
faster moving of the major components is suggested by the fol- 
lowing experiment. The original preparation was centrifuged 
in the preparative ultracentrifuge (Spinco model L) at 100,000 x 
g for 6 hours, yielding a small, gelatinous pellet which could be 
partially dissolved in 0.05 m phosphate, pH 7.9. After low speed 
centrifugation to remove insoluble material this preparation and 
the supernatant fraction of the 6-hour centrifugation were as- 
sayed, and yielded specific activities of 6160 and 2172 units per 
mg of protein, respectively. Ultracentrifugal analysis of these 
two fractions confirmed that the pellet fraction consisted largely 
of the heavier, faster moving component, whereas the super- 
natant fraction had lost much of this component. Both fractions 
contained traces of catalase activity, but in view of the known 
high turnover number of this enzyme, it is doubtful that either 
of the major peaks represents catalase. 

Requirements—A study of the specificity of the reaction in the 
direction of p-hydroxyphenylpyruvate formation indicates that 
the enzyme is quite specific for tyrosine and a-ketoglutarate. 
Neither pyruvate nor oxaloacetate, when added at concentrations 
up to 1.2 xX 10 M, will substitute for a-ketoglutarate in the 
standard assay system, in which as little as 5 ug of p-hydroxy- 
phenylpyruvate can be detected. Requirement for tyrosine was 
studied qualitatively by replacing it in the standard assay mix- 
ture with 10 wmoles of each of the following L-amino acids: 
phenylalanine, alanine, tryptophan, leucine, arginine, histidine, 
lysine, methionine, and aspartic acid. After incubation for 20 
minutes at 37°, the mixtures were placed in a boiling water bath 
for 5 minutes, and 50-ul aliquots of each were spotted on 
Whatman No. | paper. The chromatograms were developed by 
the descending technique for 18 hours, with butanol-acetic acid- 
water (4:1:1) as the solvent. After drying the papers were 
spraved with 0.5% ninhydrin in 95% ethanol. A spot corre- 
sponding to glutamic acid (Rp = 0.16) was found only with the 
“control” mixture, to which tyrosine had been added. 

Some preparations of purified enzyme exhibit no significant 
activity in the absence of pyridoxal phosphate, while others of 
similar specifie activity retained 5 to 10% of maximal activity 
without this addition. Maximal activity is attained at very low 
coenzyme concentration (Fig. 4). Concentration curves for 
tyrosine and a-ketoglutarate indicate that the enzyme is not 
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Fic. 3. Sedimentation pattern of the purified enzyme. 
graph taken after 16 minutes of centrifugation at 59,800 r.p.m. at 


Photo- 


23° in the Spinco model E ultracentrifuge. Sedimentation pro 
ceeds from left to right. The enzyme preparation contained 7.5 
mg of protein per ml, specific activity 3400 units per mg of protein, 
and had been previously dialyzed against 0.005 m phosphate buf 
fer at pH 7.9. 
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Fic. 4. Effect of varying concentrations of tyrosine, a-keto 
glutarate, and pyridoxal phosphate on tyrosine transaminase 
activity. In each experiment standard assay conditions were 
used, except that the concentration of the component indicated 
was varied. The purified enzyme (specific activity = 3055 units 
per mg) was used, and was diluted to different extent in the three 
experiments shown. Pyridoxal phosphate was used to initiate 
the reaction when tyrosine and a-ketoglutarate were varied, 
whereas the enzyme was added last when the cofactor concentra- 
tion was varied. 


saturated with tyrosine at a level which approaches the limits 
of solubility of this amino acid, whereas a-ketoglutarate saturates 


at about 8 x 10-*m. Analysis of these data in the critical range 


by the inverse plot method of Lineweaver and Burk (11), with 
K,, values calculated by the least squares procedure, yielded 
Michaelis constants of 1.48 K 10-* Mm, 6.52 & 10-4 M, and 3.1 x 
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Fig. 5. Approach to equilibrium of the reversible transamina- 
tion catalyzed by tyrosine-a-ketoglutarate transaminase. To 
reaction mixtures for the ‘‘forward’’ reaction (lower curve) were 
added 200 umoles of phosphate buffer, pH 8, 24 ug of pyridoxal 
phosphate, 2500 units of enzyme (specific activity 3400 units per 
mg of protein), 12.0 umoles of a-ketoglutarate, and 12.4 wmoles of 
L-tyrosine in 0.05 M acetate buffer, pH 6. The final volume was 
3.0 ml, and.the pH (checked by glass electrode) 7.4. Duplicate 
samples were placed in boiling water while enzyme was added and 
then assayed for initial concentrations, a second set was incu- 
bated at 37°. Small aliquots of the latter samples were assayed 
for p-hydroxyphenylpyruvate at the times indicated; after 6 hours 
these were placed in boiling water for 10 minutes and then assayed 
to determine final concentrations of the several components. All 
duplicate determinations agreed well and were averaged in the 
data presented. Reaction mixtures for the ‘“‘reverse’’ reaction 
(upper curve) were handled in similar fashion and differed only in 
that 12.4 uwmoles of p-hydroxyphenylpyruvate in 0.05 M acetate, 
pH 6, and 12.0 umoles L-glutamate were added in place of tyrosine 
and a-ketoglutarate. 


10-7 m for tyrosine, a-ketoglutarate, and pyridoxal phosphate, 
respectively. 

It is of interest to note that this enzyme is not strongly in- 
hibited by high concentrations of a-ketoglutarate, as was found 
with the enzyme from dog liver (4). Addition of this substrate 
to 1.2 x 10-* m caused no inhibition (Fig. 4) and increasing the 
concentration to 4 X 10-? m caused only a slight, barely signifi- 
cant drop in activity. When the reverse reaction was studied, 
however, the pronounced substrate inhibition by p-hydroxy- 
phenylpyruvate described by Canellakis and Cohen (4) was ob- 
served with the rat liver enzyme, and evaluation of Michaelis 
constants for these substrates was not attempted. 

When the enzyme is assayed with equimolar concentrations of 
tris(hydroxymethyl)aminomethane and phosphate buffers over 
the pH range 6.0 to 8.5, the rate reaches an optimum at pH 7.6, 
and falls off rapidly below pH 7.4 and above pH 8. The enzyme 
is relatively insensitive to changes in the ionic strength of the 
medium, but is quite sensitive, when diluted for assay, to sur- 
face denaturation—a loss of activity of 20% or greater was ob- 
served when the reaction mixture was shaken throughout the 
incubation period. Preincubation of the enzyme with either 
substrate or cofactor is not necessary, since identical rates were 
observed when either tyrosine, pyridoxal phosphate, or enzyme 
was used to initiate the reaction after the usual 5 minutes of pre- 
incubation. However, if the enzyme was preincubated without 
a-ketoglutarate a loss of activity of about 20% was observed, 
suggesting a preventive effect of this substrate, possibly against 
surface denaturation. 
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Equilibrium; Stoichiometry—Equilibrium is readily attained in 
the “forward” direction (p-hydroxyphenylpyruvate formation), 
while the ‘reverse’ reaction exhibits inhibition which is slowly 
overcome, so that after 6 hours of reaction, it has approached 
the point of equilibrium (Fig. 5). A requirement for extended 
incubation with the components of the “reverse” reaction is sug- 
gested by the observation that after thirty minutes this reaction 
proceeds well, although the concentration of p-hydroxyphenyl- 
pyruvate is still at a level at which no reaction occurs under usual 
assay conditions. Initially and after 6 hours of incubation the 
concentration of the various components was determined as fol- 
lows: tyrosine, by the method of Udenfriend and Cooper (12); 
glutamate, by the bacterial decarboxylase procedure (13); p- 
hydroxyphenylpyruvate, by the usual Briggs reaction (6), and 
a-ketoglutarate, by calculation from the amount of tyrosine 
formed or disappeared and the known quantity of a-ketoglu- 
tarate (standardized by titration) added initially. In the for- 
ward reaction 5.60 umoles of p-hydroxyphenylpyruvate and 5.64 
umoles of glutamate were formed, while 5.60 wmoles of tyrosine 
and a-ketoglutarate disappeared. In the reverse reaction, 6.39 
umoles of tyrosine and a-ketoglutarate were formed, while 6.38 
umoles of p-hydroxyphenylpyruvate and 6.21 umoles of glu- 
tamate had disappeared. Calculation of the equilibrium con- 
stant from the concentration of components present at 6 hours 
in samples in which the forward reaction had proceeded vields: 

- (p-hydroxyphenylpyruvate) (glutamate) = 073 
(tyrosine) (a-ketoglutarate) 

This estimate was substantiated in another experiment in 
which the reverse reaction alone was studied. A higher initial 
concentration of glutamate increased the rate so that equilibrium 
was attained after 5 hours (Table III); incubation for 3 more 
hours did not change the p-hydroxyphenylpyruvate level by 
which the reaction was followed. After 8 hours the samples were 
assayed for the various components, and calculation of the 
equilibrium constant as expressed above yields a value of 0.71. 

From these determinations and the well known equation re- 
lating standard free energy change (AF®) to the equilibrium 
constant it can be estimated that for the reaction: 


Tyrosine + a-ketoglutarate 
— p-hydroxyphenylpyruvate + glutamate 


the standard free energy change at 37°, pH 7.4, is approximately 
200 calories per mole. 

Inhibitors—The enzyme is not affected by the metal-binding 
agents EDTA, a,a-dipyridyl, diethyldithiocarbamate, o-phe- 


TaB_e III 
Equilibrium study in direction of tyrosine formation* 
Conditions were as described in Fig. 5 except that initial con- 
centration of p-hydroxyphenylpyruvate and glutamate were as 
shown, and 1200 units of enzyme of specific activity 6160 units per 
mg of protein were used. 


: p-Hydroxy ere Oe eT a-Keto- 
Time phenylpyruvate Glutamate | Tyrosine glutarate 

Ars 

0 11.1 43.3 0 0 

5 1.8 

s 1.8 33.9 9.4 9.4 


* Values are given as total uwmoles. 
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Fic. 6. Inhibition of tyrosine transaminase by sulfhydryl] re- 
agents. The standard assay system was used, except that in- 
hibitors were added as shown. The enzyme preparation used 
(180 units, specific activity 2110) was a “column eluate I’’ prep- 
aration. IAA, iodoacetate; OIBA, o-iodosobenzoate; PCMPS, 
p-chloromercuriphenylsulfonate. 


nanthroline, or 8-hydroxyquinoline at concentrations up to 2 X 
10m. It is strongly inhibited (Fig. 6) by reagents which react 
with sulfhydryl groups such as p-chloromercuriphenylsulfonate, 
o-iodosobenzoate, or iodoacetate. These inhibitors are relatively 
effective in the order named, p-chloromercuriphenylsulfonate 
being about 100 times as effective as iodosobenzoate, this in turn 
being about 100 times as effective as iodoacetate. Inhibition by 
p-chloromercuriphenylsulfonate could be almost completely pre- 
vented by cysteine or glutathione at 10-* m but only partially 
reversed at this concentration (Table IV). Addition of either 
cysteine or glutathione at concentrations greater than 10-* m 
led to considerable inhibition. When the enzyme is inactivated 
with p-chloromercuriphenylsulfonate at 0°, then preincubated 
with BAL at 37°, reversal of inhibition of the order of 50% was 
observed. These experiments were complicated by the chromo- 
genic effect of BAL in the colorimetric assay used, which could 
be avoided to a limited extent by treatment of reaction mixtures 
with an excess of mercuric ion, to remove BAL. The use of 
concentrations of BAL higher than 2 x 10-* m was contraindi- 
cated due to removal of the reaction product by the heavy pre- 
cipitate which formed when mercury was added. 

Inhibition of tyrosine transamination in crude rat liver prepara- 
tions by 1-thyroxin has been studied by Litwack (14, 15), who 
showed it to be kinetically of the uncompetitive type. These 
observations have been confirmed with the purified enzyme de- 
scribed here. At low enzyme levels considerable inhibition can 
be observed at concentrations of thyroxin which approach the 
physiological range (Fig. 7A), and this inhibition cannot be re- 
versed either by increasing the concentration of any of the re- 
action components, or by preincubation of the enzyme with these 
components before the addition of thyroxin. However, the 
strong dependence of this inhibitory action of thyroxin on the 
amount of enzyme assayed casts some doubt on its significance, 
since an apparent inhibition of the order of 72% by 10-4 m 
thyroxin can be almost completely reversed by a 10-fold increase 
inthe amount of enzyme added (Fig. 7B). In contrast, inhibi- 


tion by the sulfhydryl reagent p-chloromercuriphenylsulfonate 
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TaBLe IV 


Prevention and reversal of p-chloromercuriphenylsulfonate 
inhibition by mercaptans 

The standard assay system, modified as indicated, was used; 
activity is expressed in ug of p-hydroxyphenylpyruvate formed. 
p-Chloromercuriphenylsulfonate was used at 10-§ m in all experi- 
ments; in Experiment 1A (prevention) it was added directly to 
the reaction mixture, in the others (reversal) the enzyme was pre- 
treated with the inhibitor for 20 minutes on ice before its addition 
to the reaction mixture. The enzyme was diluted to different ex- 
tent in the two experiments, and was added to the reaction mix- 
tures as the last component before the usual 5 minutes of pre- 
incubation. In Experiment 2, 10 wmoles of HgCl, were added to 
each mixture after the reaction was stopped by the addition of 
trichloroacetic acid. 























Sunginant Additions | tte | Activity | Inhibition 
| | | % 
1A | 97.6 | 
| CMPS* | 0 | 100 
CMPS + 10-* m cysteine | 87.8 | 10 
CMPS + 10-* m GSH | 91.3 | 6.5 
1B SC CMPS + 10? cysteine | 24.4 | 75.1 
|  CMPS + 10-* w GSH 25.8 | 73.6 
2 | | 77.0 | 
| CMPS | 0 | 100 
| CMPS + 2x 10? BAL | 3 38.8 | 49.6 
* p- -Chloromerouriphenyisulfonate. 
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Fic. 7. Inhibition of tyrosine transaminase by L-thyroxin. 
A. Effect of varying concentration of thyroxin. Reaction mix- 
tures contained, in 3.0 ml: 6 wmoles of tyrosine, 30 umoles of 
a-ketoglutarate, 30 ug of pyridoxal phosphate, 1200 umoles of 
borate buffer at pH 8.0, 31.2 ug of enzyme protein, and thyroxin 
as indicated. Thyroxin was added after 5 minutes of preincuba- 
tion at 37°, just before initiation of the reaction with pyridoxal 
phosphate. 8B. Comparison of inhibition by thyroxin and PCMPS 
(p-chloromercuriphenylsulfonate) as affected by varying enzyme 
concentration. Reaction mixtures were as in A, except that 100 
umoles of phosphate buffer at pH 8 were used in place of borate. 
Enzyme of specific activity 3055 units per mg of protein was used 
in both experiments. 


at 10-5 m is complete over nearly the entire range of enzyme con- 
centration tested. 
DISCUSSION 
These studies were initiated as part of a program investigating 
the nature of the abrupt increase in tyrosine-a-ketoglutarate 
transaminase which occurs in the liver of the newborn rat (2), a 
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change which has many features in common with the “induced” 
increase in the activity of this enzyme in adult rat liver (1). It 
was reasoned that, should these increases in activity be due to an 
activation phenomenon, it might be possible to determine the 
existence of such an activation process by a systematic study of 
the enzyme during purification from the livers of this species. 
However, the enzyme behaves quite routinely during all the 
purification procedures employed, fractionating as an apparently 
single chemical entity, with no increases and no uncommon losses 
of activity observed. Similarly, study of the properties of the 
partially purified enzyme yields no indication of an activation 
mechanism, with the possible exception of the pronounced sensi- 
tivity of the enzyme to sulfhydryl reagents. Inhibition by these 
reagents and its partial reversal by appropriate mercaptans indi- 
cates that protein sulfhydryl is necessary for enzymatic activity. 
It is conceivable that activation may occur via a sulfhydryl 
mechanism; for example, there may be an optimal ratio of reduced 
to oxidized sulfhydryl groups of the enzyme, disturbance of which 
lowers catalytic capacity. Activation could then be due to any 
mechanism which alters this to produce a more favorable ratio. 
This possibility was tested by incubation of both crude and 
purified enzyme preparations with a variety of reagents known 
to oxidize or reduce sulfhydryl groups, with consistently negative 
results. 

From the ultracentrifugal studies described it is apparent that 
the 100- to 150-fold purified enzyme is still far from pure. If 
the tentative conclusion that activity is associated with the fast 
moving component (cf. Fig. 3) is correct, the enzyme must 
constitute only a small portion of the total protein of this prepara- 
tion. If one assumes that the protein content of liver is 20% 
of the wet weight, it can be calculated that an average rat liver 
(10 g wet weight, specific activity 25 units per mg of protein) 
contains approximately 50,000 units of tyrosine-a-ketoglutarate 
transaminase. The amount of enzyme centrifuged to obtain the 
pattern of Fig. 3 was 10,000 units (3 mg of protein) or roughly 
one-fifth of the amount of enzyme in a single liver. Thus, if 
the minor, rapidly moving component is the transaminase pro- 
tein, it can be concluded that the liver of an adult rat contains 
at most only 1 or 2 mg of this enzyme. This finding, if con- 
firmed, may be of significance in the design of future experiments 
on the increase in activity of this enzyme in newborn or induced 
adult rats. 

The properties of the purified enzyme described here differ in 
some respects from those reported for the tyrosine-a-keto- 
glutarate transaminase of dog liver (4). Activity of the latter 
preparations was found to migrate electrophoretically with a 
blue-green component, and a high ratio of absorbancies at 260 
and 280 my associated with preparations of high purity. In 
contrast, the rat liver preparation is nearly colorless and exhibits 
no irregularities in the ultraviolet spectrum. In the present 
studies it was found that the green enzyme catalase tends to 


T yrosine-a-ketoglutarate Transaminase of Rat Liver 


Vol. 234, No. 10 


fractionate with the transaminase; traces of this contaminant 
are present in the final product and probably account for the 
slightly green tint of these preparations. 


SUMMARY 


Tyrosine-a-ketoglutarate transaminase of rat liver was purified 
100- to 150-fold by ammonium sulfate fractionation and chro- 
matography on diethylaminoethy! cellulose. Ultracentrifuga] 
analysis of the purified enzyme suggests that transaminase ae- 
tivity resides in a relatively heavy component which constitutes 
only a small fraction of the total protein present. Michaelis 
constants of tyrosine, a-ketoglutarate, and pyridoxal phosphate 
have been evaluated as 1.48 x 10-* Mm, 6.52 x 10~ M, and 3.1 x 
10-7 M, respectively. A study of the equilibrium of the reaction 
yields an estimation of +200 calories per mole as the standard 
free energy change at 37° in the direction of p-hydroxyphenyl- 
pyruvate formation. The purified enzyme is insensitive to 
various metal-binding agents, but is strongly inhibited by 
sulfhydryl reagents; this inhibition can be prevented and partially 
reversed by treatment with appropriate mercaptans. 
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Rate of Association of S® and C™ in Plasma Protein Fractions 
after Administration of Na,S*O,, Glycine-C", or Glucose-C"* 


Jonas E. Ricomonpt 


From the Department of Biological Chemistry, Harvard Medical School, Boston 15, Massachusetts 


During the course of an investigation of sulfate metabolism 
in rabbits and dogs an appreciable proportion of plasma sulfate 
was found to be associated with plasma proteins (1, 2). Dzie- 
wiatkowski and Di Ferrante (3), Smith et al. (4), and Block et 
al. (5) have demonstrated the fixation of radiosulfate to plasma 
and serum proteins 24 to 48 hours after the administration of 
Na.S**O,. This bound sulfate remained with the proteins even 
after dialysis for 24 to 48 hours. 

The present study is an endeavor to ascertain the fraction or 
fractions of plasma and serum protein to which radiosulfate as- 
sociates and to compare the rates of association of radiosulfate 
in these fractions to the rates of disappearance of radiosulfate 
from these same fractions and plasma. The results obtained by 
use of radiosulfate are also compared to those observed by use 
of 1-C'-glycine and C'*-glucose. 


EXPERIMENTAL PROCEDURE 


Animals 


Injection of Na2S*50,—Rabbits: Rabbits weighing 2.6 to 4.6 
kg were given 300 to 600 uc of carrier-free NaS**O, intravenously 
and blood was collected in a syringe containing the disodium 
salt of (ethylenedinitrilo)tetraacetic acid at time intervals from 
1 minute to 48 hours after the injection. A total of 18 rabbits 
was employed in these studies. The rabbits were maintained 
on Purina rabbit chow and water ad libitum previous to and dur- 
ing these experiments. 

Dogs: Four mongrel dogs weighing 12 to 20 kg were given 2 
me of carrier-free Na2S**O, parenterally and blood samples were 
collected at time intervals from 5 minutes to 12 hours and proc- 
essed in the same manner as rabbits. The dogs were anesthe- 
tized with Nembutal during the course of an experiment, 6 to 
14hours. The dogs were maintained on standard kennel ration 
and water ad libitum previous to the commencement of an experi- 
ment. 

Injection of C'-glycine and C™-glucose—Rabbits weighing 2 to 
3.6 kg were given 150 to 200 ue of 1-C'-glycine? intravenously 
and blood samples were taken at various time intervals from 14 
minutes to 48 hours after the injection. Plasma was processed 
in the same manner as in the experiments in which radiosulfate 
was injected. Similar rabbits weighing 2 to 2.6 kg were given 


* Supported by a grant from the American Heart Association. 

t Established Investigator, American Heart Association. 

1 Carrier-free H2S*5O, was obtained from Oak Ridge National 
Laboratory and the solution was brought to pH 7.4 with Naz:CO; 
in sodium chloride solution before injection. 

?1-C'4-Glycine of a specific activity of 140 ue per mg was ob- 
tained from New England Nuclear Corporation, Boston. 
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60 to 120 uc of C-glucose* and samples were collected and proc- 
essed in the same manner as in the experiments with radiosul- 
fate. 


Methods 


Fractionation of Plasma or Serum—Two 0.1-ml portions of 
plasma or serum were spread on tared aluminum planchets for 
an assay of total radioactivity. 

Plasma was subjected to electrophoresis in 1 to 6 sheets of 
Whatman No. 3 MM filter paper (6, 7), or in some instances in 
starch gel (8). The resulting fractions were identified by stain- 
ing for protein or by protein and hexose determinations by use 
of the techniques of Bjérnesjé (7) and Goa (9). 

Plasma was also fractionated with ammonium sulfate by the 
method of Weimer et al. (10). 

The various fractions after dialysis and radioactivity analysis 
were adjusted to a concentration of approximately 2 to 5% pro- 
tein and a major portion of the plasma proteins precipitated at 
2° by a modification of the procedure of Winzler (11). Two 
volumes of 0.75 m perchloric acid were added to the solution 
with stirring. The mixture was then centrifuged at 2000 r.p.m. 
for 15 minutes and the supernatant fluid poured through What- 
man No. 42 filter paper. The precipitated plasma proteins were 
washed three times with 0.75 m HClO,, dialyzed exhaustively 
for 48 hours against H,O, freeze-dried, and assayed for radio- 
activity. The perchloric acid filtrate was dialyzed exhaustively 
against several changes of 0.15 m NaCl for 36 hours. The hexose 
and protein composition of this perchloric acid soluble fraction 
was similar to that of the glycoproteins isolated from plasma 
(9, 10, 12, 13). Before performing radioactivity analysis, the 
NaCl was removed by dialysis against several changes of H,O 
over a period of 24 hours. The contents in the dialyzing bags 
were subjected to centrifugation at 18,000 x g for 60 minutes in 
the Servall centrifuge. The supernatant fluid was carefully re- 
moved with a capillary pipet, freeze-dried, and analyzed for ra- 
dioactivity. All of the above operations were carried out in a 
cold room at 2 to 3°, except for radioactivity analysis. 

A perchloric acid soluble fraction was obtained at 2° from 
whole plasma or serum by treating 2 ml of plasma with 2 ml of 
0.15 m NaCl, and then adding slowly with stirring 8 ml of 0.75 
mM HClO,. The mixture was stirred well, centrifuged, and the 
supernatant fluid filtered through Whatman No. 42 filter paper. 
The precipitate was then washed 3 times with 5 ml of 0.75 m 
HCl10,, dialyzed exhaustively against H,O for 48 hours, freeze- 


Uniformly labeled C**-glucose with a specific activity of 5.5 
uc per mg was obtained from Volk Radiochemical Company, 
Chicago. 
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TaBLeE [ 
Association of S** with plasma proteins after administration of 
carrier-free Na2S**O, intravenously to rabbit 
A tracer dose of 8.7 X 10’ c.p.m. was given to this 4.5-kg rabbit. 











| 0.5 mu Perchloric 0.5 m Perchloric 
Time interval Total plasma acid-soluble acid-insoluble 
fraction fraction 
c.p.m./ml | c.p.m./mg edie 

2-3 min 51,250 1,438 0 
15 min 42,380 1,916 0 
30 min 39,010 3,864 2 
60 min 39 ,340 2,731 3 
1} hrs 34,200 2,578 4 
2 hrs 34,000 2,144 4 
4 hrs 26,360 =| 1,906 4 
6 hrs 24,410 1,745 4 
8 hrs 20, 550 1,809 7 
11 hrs 14,890 1,231 6 
24 hrs 5,880 | 295 8 
34 hrs 4,120 219 7 
48 hrs 2,320 | s s 








dried, and assayed for radioactivity. A measured volume, 8 to 
10 ml of the glycoproteins in the perchloric acid soluble plasma 
fraction, was dialyzed against 50 ml of H.O for 12 hours. The 
contents of the bags were dialyzed exhaustively against H.O for 
48 hours. This fraction was then centrifuged at 18,000 x g for 
30 minutes, the supernatant fluid was freeze-dried, and was then 
analyzed for radioactivity. The first 50-ml dialysate was neu- 
tralized with K,COs, centrifuged, two 1-ml portions were dried 
on tared aluminum planchets, and the total radioactivity deter- 
mined. The remainder of the dialysate was freeze-dried and 
the specific activity of the tracer determined. Glucose concen- 
tration was determined, glucosazones were prepared, and the 
specific activity measured (14). Sulfate specific activity was 
determined as previously described (1). 

Electrophoretic and analytical ultracentrifugal studies were 
carried out on the glycoprotein fraction in the perchloric acid 
solublefraction. This glycoprotein fraction was dialyzed against 
0.15 m NaCl, freeze-dried, taken up in enough H,0 to obtain a 
0.5 to 2% solution, dialyzed against a volume of H,O equal to 
the volume freeze-dried for 1 hour, and then dialyzed against 3 
changes (at least 500 ml each) of 0.15 m NaCl for 12 to 16 hours. 
This fraction was then centrifuged at 18,000 x g for 30 minutes 
before further analysis and the supernatant solution subjected 
to analytical ultracentrifugation in the Spinco model E.4 

Electrophoretic analysis of these fractions was carried out by 
the procedure of Aransson and Grénwall (15) and also by the 
method of Bjérnesjé6 (7). This technique indicated that 
there was more than one component in the perchloric acid soluble 
fraction. 

Radioactivity Measurements—Radioactivity was determined 
by spreading samples of approximately 1 mg on aluminum plan- 
chets with an area of 3.8 cm?. Proportional gas flow counters 
(16) operated with Nuclear-Chicago scaler units were used to 
obtain approximately 5000 counts on each planchet. The 
counters were operated at 1900 volts employing 95% argon-5% 
CO, as the flow gas. The counting efficiencies and the back- 
grounds of these instruments were determined at least three 


‘We are indebted to Dr. J. L. Oncley for carrying out these 
analyses. 


Association of S** and C with Plasma Proteins 


Vol. 234, No. 10 


times per day. The variation in counting rates of duplicate 
samples was less than 5% for samples containing more than 50 
¢.p.m. 


RESULTS 


Data in the tables to follow are expressed as c.p.m. per mg 
corrected to infinite thickness from self-absorption curves. The 
radioactivity in total plasma is expressed as c.p.m. per ml of un- 
fractionated plasma. The results of a typical experiment are 
presented in which labeled sulfate, glycine, and glucose were ip- 
jected intravenously into rabbits and the perchloric acid soluble 
fraction isolated after dialysis against H.O at various time inter- 
vals after the administration of the isotope. 

The term glycoprotein is used to denote a protein which con- 
tains a carbohydrate component in addition to the protein moi- 
ety. The glycoprotein fraction isolated from the perchloric acid 
soluble fraction of plasma is that fraction which is not sediment- 
able at 18,000 x g from a 2% solution in 0.15 m NaCl. This 
fraction was reasonably homogenous when analyzed in the ultra- 
centrifuge and it possessed a sedimentation rate of approxi- 
mately s = 48 at 25°. The quantity of this fraction isolated 
from plasma was approximately 0.5 mg per ml of plasma. 

Association of S*® with Plasma Proteins after Carrier-Free 
NaS**0,—The quantity of radiosulfate associated with the gly- 
coprotein fraction of plasma and the amount of S** in the 0.5 
perchloric acid-insoluble fraction of plasma after the administra- 
tion of carrier-free Na2S**O, are presented in Table I. Only 
traces of radiosulfate were found in the perchloric acid-insoluble 
fraction which seems to increase very slowly with time. The 
nondialyzable radiosulfate associated with the glycoprotein frac- 
tion appeared in this fraction at a very rapid rate for the first 
30 minutes after the injection of Na.S*°O, and then disappeared 
fast during the next 1 to 14 hours. From 2 to 11 hours after 
the administration of NaS*°O,, the decay of S** in the glycopro- 
tein fraction followed a simple exponential function. The spe- 
cific activity of sulfate in plasma decreased slowly with time (1). 
The ratio of radiosulfate in the dialysate of the perchloric acid 
soluble fraction to radiosulfate in plasma was fairly constant. 

The time curve for the association of S*° with the perchloric 
acid soluble portion of the various globulin fractions of plasma 
prepared by electrophoresis and ammonium sulfate fractionation 
was similar to the curve obtained for the association of S** with 
the glycoprotein fraction of whole plasma. The curve for the 
association of S** with the glycoprotein fraction of serum as a 
function of time was also similar to the plasma curve with the 
exception that the quantity was approximately 10% less. 

Association of C™“ with Plasma Proteins after 1-C'-glycine— 
After the administration of 1-C'-glycine, C“ was rapidly asso- 
ciated with the perchloric acid-soluble fraction of plasma (Table 
II). The amount of radiocarbon in the glycoprotein fraction 
was not a linear function with respect to time, the rate of asso- 
ciation being faster the first 15 minutes; then the C" in this 
fraction increased slowly for the next 14 hours followed by an 
increase to a maximal value at 2 hours. The radioactivity in 
the glycoprotein fraction then showed a slow decrease with time. 
An hour was required before appreciable radioactivity appeared 
in the perchloric acid-insoluble fraction of plasma. The amount 
of C in these proteins increased with time attaining a maximum 
value 6 to 8 hours after injecting 1-C™-glycine. The rate of 


decay of the C™ in the perchloric acid-insoluble fraction was 
The C content of the perchloric 


slower than the rate of uptake. 
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acid-soluble and insoluble fractions approached each other 24 to 
48 hours following the administration of 1-Cglycine. The 
radioactivity in the dialysate of the perchloric acid-soluble frac- 
tion decreased to a negligible value after 10 to 30 minutes, as 
has been observed previously by Borsook et al. (17). 

Association of C4 with Plasma Proteins after C-glucose—Im- 
mediately after the administration of C'-uniformly labeled glu- 
cose, the C associated with the glycoprotein fraction exhibited 
its maximal radioactivity (Table III). After 20 minutes the 
(4 in the glycoproteins decreased slowly with time maintaining 
a level greater than that of the perchloric acid-insoluble fraction. 
After a lag period of an hour, the C™ activity in the perchloric 
acid-insoluble fraction increased reaching a maximum 6 to 8 
hours after injecting glucose-C“ whereupon the decay rate was 
slower than the rate of uptake. The ratio of the C™ in the 
dialysate of the perchloric acid-soluble fraction to the C“ in 
plasma was constant for the first 1 to 14 hours, then the radio- 
activity in this dialysate decreased at a faster rate than the 
radioactivity of plasma. 


DISCUSSION 


The use of perchloric acid seems to be a satisfactory means 
of separating the proteins with which S* of injected Na.S*0O, 
is associated from other plasma proteins. Only trace amounts 
of S** were associated with perchloric acid-insoluble plasma con- 
stituents, a fraction which constitutes essentially all of the plasma 
proteins. The S** associated with the glycoprotein fraction 
reached a half maximum value in 15 minutes. In contrast to 
Na:S*O,, C“ of glucose was at a maximum in the glycoprotein 
fraction in the 0- to 2-minute interval which indicates a rapid 
rate of exchange of glucose. The rate of disappearance of C™ 
from the glycoprotein fraction after the administration of C™- 
glucose was very fast after 10 minutes. The rate of change in 
the C“ of the glycoprotein fraction was approximately equal to 
the rate of change of C™ in plasma during the first hour after 
the administration of C'*-glucose. 

The pattern of association of C4 with the glycoprotein frac- 
tion after the injection of 1-C" glycine was slower but somewhat 
similar to that obtained with NaS**O,. The rate of association 
was very rapid for the first 15 minutes; a maximum was observed 
inl to 2 hours. The appearance of C“ in the perchloric acid- 
insoluble fraction of plasma was more rapid after administration 
of 1-C-glycine than after C'-glucose, which may indicate that 
at least a portion of the C“ of C'-glucose is converted to amino 
acids; however, a maximum of C" in the perchloric acid-insoluble 
fraction was observed at the same time interval, 6 to 8 hours, 
after the administration of 1-C'-glycine and C-glucose. 

The specific activity of the glycoprotein fraction isolated from 
blood containing 1-C'-glycine which had been perfused through 
a dog liver was 30 times that of the perchloric acid-insoluble 
fraction or albumin 30 minutes after perfusing; this ratio then 
decreased to a value of approximately 10 to 1 in 1 to 3 hours 
(18). These results in the isolated perfused dog liver and the 
results in vivo in rabbits indicate that the turnover of the tracer 
in the glycoprotein fraction is at least 10 to 30 times faster than 
that of the other plasma proteins. The continuous high specific 


activity of radiosulfate in plasma in comparison to the negligible 
specific activity of 1-C™-glycine in plasma at time intervals 
greater than 10 minutes shows that the apparent difference in 
behavior of these two isotopes might be due in part to the con- 
centration of the tracer at the site of synthesis and the time in 


J. E. Richmond 


TaBLe II 


Association of C'* with plasma proteins after administration of 


1-C'4-glycine to rabbit 


A tracer dose of 13.7 X 10’ c.p.m. was given to this 3.6-kg 
rabbit. 








0.5 mu Perchloric 
acid-insoluble 


a 0.5 m Perchloric 
Time interval Total plasma acid-soluble 








fraction fraction 

c.p.m./ml c.p.m./mg c.p.m./mg 
15 min | 33,170 487 5 
30 min | 21,180 499 24 
1 hr 21,560 546 162 
1} hrs | 21,560 | 691 288 
2 hrs 27 ,690 1,061 293 
4 hrs 27,770 786 361 
6 hrs | 23,850 | 547 385 
8 hrs | Ci ot 717 372 
12 hrs 24,940 | 600 | 377 
24 hrs | 22,000 | 353 351 
32 hrs | 17,870 334 | 294 
48 hrs | 16,850 | 251 | 256 

TaBLe III 


Association of C'* with plasma proteins after administration of 
C'4-glucose intravenously to rabbit 


A dose of 6 X 107 c.p.m. was given to this 2.1-kg rabbit. 

















0.5 m Perchloric 0.5 m Perchloric 
Time interval Total plasma acid-soluble acid-insoluble 
fraction fraction 
c.p.m./ml | c.p.m./mg c.p.m./mg 
1-2 min 124,050 2,378 6 
10 min 78,680 1,195 | 5 
20 min 58 , 580 898 5 
30 min 55,780 663 7 
1 hr 40,870 662 19 
14 hrs 30,900 | 516 41 
2 hrs 24,720 379 65 
4 hrs 13,820 289 124 
6 hrs 10,930 174 137 
8 hrs 9,560 | 173 135 
12 hrs 7,540 166 110 
24 hrs 5,520 | 115 73 
34 hrs 4,860 87 58 
48 hrs 4,170 69 48 





the chain of biosynthetic events that the C“ and S** are added 
or exchanged. The C" of 1-C'glycine and C™-glucose which 
is associated with the glycoprotein fraction is nondialyzable 
when treated with dilute alkali, thus demonstrating that the 
isotope is firmly incorporated into these proteins. 

The specific activity of these tracers within these proteins 
and the chemical nature of components containing radioactivity 
are the subject of an investigation in progress. 


SUMMARY 

Radiosulfur associated with a plasma glycoprotein fraction in 

a nondialyzable form with a half maximum labeling time of 15 
minutes after injecting NaS**O, into rabbits. Radiocarbon 
from 1-C'-glycine associated with the glycoprotein fraction of 
plasma at a rate greater than 10 times that of total plasma pro- 
teins. Glucose formed a reversible complex with the glycopro- 
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tein fraction and had a turnover rate in total plasma proteins 
of about the same value as 1-C'*-glycine. 
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The experiments described in this communication were under- 
taken in an attempt to obtain more information on the rate of 
incorporation of intravenously injected radioactive amino acids 
into tissue proteins. Hair protein formation was studied be- 
cause this, at least in its last step, is an irreversible process un- 


yeast protein hydrolysate (1). The S*-activity per injection 
was approximately 10° ¢.p.m. when counted with the D-47 gas 
flow counter with Micromil end window (Nuclear-Chicago Cor- 
poration). Hair was plucked from the back of the animals, 


washed with detergent, ethanol, acetone and ether. Some of the 





Fic. 1. Autoradiogram (7.5 X) of the pepsin-treated hair of 
rat No. 29 after an intravenous injection with 108 ¢.p.m. of 8**- 
yeast protein hydrolysate. The injection was repeated 2.6 and 


complicated by the catabolic breakdown encountered in other 
tissues. 


Rats were given two or three intravenous injections of S*- 


* Support of this work by grants of the United States Public 
Health Service (No. 1852) and the National Science Foundation 
(No. G 1296) to F. H., and by contracts of Indiana University with 
the Atomic Energy Commission (At-11-1-209) and the Office of 
Naval Research (NR120-035) is gratefully acknowledged. 

+ Present address: Institute for Enzyme Research, University 
of Wisconsin, Madison 6, Wisconsin. 
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7.1 days after the first injection. 


The rat was found dead 2.5 days 
after the last injection. 


hair was suspended in 9 ml of water, brought by the addition of 
HCl to pH 1.5, mixed with 1 ml of a 0.3% solution of crystalline 
pepsin, and after addition of a thymol crystal kept at 37° for 48 
hours. The digestion with pepsin was then repeated. The 
pepsin-treated hair, which may consist merely of keratin, did not 
appear different from the untreated hair. Undigested and 
pepsin-treated samples of hair were affixed to slides with the aid 
of a 0.5% solution of gelatin containing 0.05% chrome alum. 
The slides were then coated with Eastman Kodak autoradio- 
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Fig. 2. Densitometric evaluation of an autoradiogram of rat 


No. 30 after two intravenous injections with S**-yeast protein 
hydrolysate. The interval between the two injections was 61 
hours. The optical density is plotted against the length of the 


hair (in mm). The arrow shows the direction from the root to 
the tip of the hair. The peak at about 7 mm corresponds to the 
first injection. 

graphic stripping film and exposed for 16 days. Both undigested 
hair and keratin gave identical results. 

Three distinct bands can be seen in Fig. 1 corresponding to 
the three injections of S**-amino acids. Ryder (2) and Harkness 
and Bern (3), who gave single injections of S*°-cystine to mice, 
found intense S* radioactivity in the entire keratogenous zone 
of the follicle a few minutes after injection, and an increase of 
this activity over a 6-hour period. The relatively wide zone of 
high activity in Fig. 1 is probably due to a combination of two 
factors: (a) incorporation over a narrow zone at any instant of 
time, and (6) continuing incorporation over many hours while 
the hair is growing through the incorporating zone. 

The thickness of hair prevented uniform focusing with the 
microscope and quantitative evaluation of the grain density of 
the autoradiogram. Densitometry was accomplished by dipping 
the slide with the gelatin-embedded hair and the autoradiogram 
into water, removing the emulsion carefully, transferring it to 
another glass slide and examining it by means of a Photovolt 
instrument at 480 xX magnification. Fig. 2 shows the opt:cal 
density of an autoradiogram plotted against the length of the 
hair. It can be seen that the S* activity increases steeply but 
slopes off gradually toward the root of the hair. The width of 
the first peak (Fig. 2, right peak) indicates that the initial intense 
incorporation of S*° occurs over a narrow zone of approximately 
0.4mm. This is also the length of the intensely vascularized 
part of the rat hair (5) where maximal incorporation of amino 
acids can be expected. The asymmetric form of the peak is, 
evidently, the effect of (a) the gradual decrease of the S*°-amino 
acid level in the body fluids and (6) continuing growth. One 
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can reasonably assume that the sulfur content of the hair over 
the entire length of the examined zone (7 mm) is constant and 
that also the rate of incorporation of total sulfur is constant, 
Although the rate of growth of rat hair varies considerably over 
cycles of several days or weeks (6), the identical shape of the 
two maxima, 2.6 days apart from each other, indicates that there 
was no significant change in the growth rate. In view of all 
these considerations we conclude that the changes in optical 
density shown in Fig. 2 parallel analogous changes in the specific 
activity of the incorporated S**-amino acids at the time of in- 
corporation. Obviously results of this type can be obtained only 
in tissues in which proteins formed at, different times can be 
differentiated from each other. Hair keratin and the similar 
keratins of feathers, nails, and other epidermal tissues are in this 
respect a nearly unique material, particularly well suited for 
investigations on the mechanism of protein biosynthesis. Since 
keratin is rich in cystine, but contains only small amounts of 
methionine, further investigations during the first minutes after 
injection of the radioactive amino acids will be necessary in order 
to decide whether the rapid initial incorporation of S* is due to 
the well known (4) linkage of cystine residues by means of dithio 
bonds or to the permanent incorporation of the S**-amino acids 
into the peptide chains of newly formed keratin molecules. — It 
will also be interesting to compare the specific activity of the 
incorporated S*°-amino acids with that of the amino acids of the 
body fluids at the time of incorporation. 


SUMMARY 


Rats were injected intravenously with S*-yeast protein hy- 
drolysate. The S* activity in different zones of the keratin in 
the growing hair during a period of 2 to 4 days after injection has 
The 
observed changes in activity reflect analogous changes in the 
specific activity of the incorporated amino acids. 


been determined by microdensitometry of autoradiograms. 
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(Received for publication, March 31, 1959) 


In many different types of cells there is a metabolic path in 
which the deoxyribose of deoxyribonucleic acid arises from ribosy] 
compounds (cf. references in Paper I (1)). In chick embryo 
cells such a reaction takes place with pyrimidine mononucleotides, 
involving e.g. the transformation of uridine 5’-phosphate to de- 
oxyuridine 5-’phosphate. 

This type of reaction involves the removal of an oxygen in 
position 2’ of the ribose moiety. It has been suggested (2, 3) 
that cyclonucleosides (4) might be first formed from ribonucleo- 
sides through the cleaving out of water between a hydroxy group 
at position 2 of the pyrimidine ring and the hydroxy group at 
psition 2’ of the ribose. Subsequently, through a reductive 
cleavage, the cyclonucleoside might be transformed to a deoxy- 
rbonucleoside. An example of such a reaction sequence is given 
in Fig. 1. 

In the present paper O*:2’-cyclouridine-2-C™ was synthesized 
fom uridine-2-C“ and incubated in vitro with chick embryo 
minces. The incorporations into RNA and DNA pyrimidines 
were measured and compared with those of uridine-2-C“ and 
deoxyuridine-2-C“. Furthermore, the phosphorolysis of the 
nucleosides and their transformation to nucleotides was investi- 
gated with embryonic extracts. 

No evidence was obtained for the participation of cyclouridine 
inany of these reactions. 


EXPERIMENTAL 


Uridine-2-C™ and Deoxyuridine-2-C'—Uridine-2-C™ was pre- 
pared enzymically from orotic acid-2-C“ via UMP-2-C™ with 
the aid of an enzyme preparation from chicken liver (5). The 
nucleotide was dephosphorylated with prostatic phosphatase 
and the resulting uridine was purified by chromatography on 
starch (6). 

Deoxyuridine-2-C™ was prepared by an exchange reaction be- 
tween uracil-2-C™ and nonlabeled deoxyuridine by use of a phos- 
phorylase preparation from Escherichia coli as described earlier 
7). 

Synthesis of O*:2'-cyclouridine-2-C“—The method of Brown 
dal. (8) was adapted to the synthesis of the isotopic cyclonu- 
ckoside on a small scale. Uridine-2-C™, obtained as described 
above, was diluted with nonisotopic uridine (California Corpora- 
tion for Biochemical Research) to give a final specific activity of 
173,000 c.p.m. per wmole, as determined in a Tracerlab Sc-18 


* This investigation was supported by grants from the Swedish 
Cancer Society and the Swedish Medical Research Council. 
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windowless gas flow counter. This material (260 umoles) was 
added to 1 ml of freshly distilled acetic anhydride. After addi- 
tion of 1 drop of dry pyridine the solution was warmed carefully 
until all of the solid had dissolved and then it was set aside over- 
night. 

The solvents were removed in a vacuum after several additions 
of methanol. The residue was taken up in 3 ml of water, neu- 
tralized with solid NaHCO; (pH 6 to 7), and extracted 5 times 
with 3 ml of ethyl acetate. This treatment extracted 96 per 
cent of the radioactivity from the water phase. In paper chro- 
matography with butanol-water the main spot moved with an 
Ry-value of 0.68 while a second spot (containing 4 per cent of 
the total radioactivity) showed an R,y-value of 0.24. The R,- 
value of the main spot corresponded to that of triacetyluridine. 

The combined ethyl acetate extracts were evaporated to dry- 
ness in a vacuum and the residue taken up in 25 ml of methanol. 
Saturated ammoniacal methanol (0.5 ml) was added to the solu- 
tion which was allowed to stand at room temperature for 2 hours. 
Ammonia and the solvents were removed in a vacuum. 

As demonstrated by Brown et al. (8) this treatment results in 
a deacetylation of triacetyluridine, the products being 5’-acetyl- 
uridine and uridine. Separation of these two compounds from 
the remaining triacetyluridine was achieved by chromatography 
on Hyflo Super-Cel (Johns Manville and Company).! 

Ethyl acetate (500 ml) was shaken with 500 ml of water. 
Of the lower phase, 8 ml were intimately mixed with 16 g of 
Hyflo. The resulting powder was suspended in an excess of 
the upper phase and poured into a chromatographic column 
(diameter = 2 cm). Packing was first allowed to take place 
by gravity. Towards the end, gentle pressure with a pestle was 
applied to the top of the column, care being taken not to allow 
the top of the column to suck in air. 

The dry mixture of acetylated uridines was extracted four 
times with 3-ml portions of the upper phase with gentle warm- 
ing. The nonextracted residue consisted of uridine, as judged 
from paper chromatography. The solution was applied to the 
top of the column and the chromatogram was developed with 
ethyl acetate saturated with water. The whole procedure was 
carried out in a room kept at 25°. The fractions (about 10 
ml/5 minutes) were analyzed by C™-determinations and ultra- 
violet analyses. 

Two major radioactive peaks emerged from the column, the 

1 The author is indebted to Mr. Henry Danielsson of this de- 


partment for a gift of the acid-washed Hyflo Super-Cel and for 
valuable advice in connection with the chromatographies. 
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Fig. 2. Chromatographic separation of radioactive triacetyl- 
uridine (first peak), monoacetyluridine (second large peak) and 
uridine on a Hyflo Super-Cel column (3.1 cm? X 12 em) with 
ethyl acetate-water. First arrow: eluent changed to acetone. 
Second arrow: eluent changed to water. 


first corresponding to unreacted triacetyluridine, the second to 
monoacetyluridine (Fig. 2). The solvent was then changed to 
acetone (first arrow in Fig. 2) and finally to water (second ar- 
row). A third peak, corresponding to uridine, was obtained. 

The chromatographic fractions within each peak were com- 
bined and the solvents evaporated under reduced pressure. The 
amounts obtained as judged from C™-data were: triacetyluridine 
47 wmoles, monoacetyluridine 98 ywmoles, uridine 82 umoles (+ 
58 umoles in residue not dissolved in ethy] acetate). 

Triacetyluridine was again deacetylated with methanolic am- 
monia with the production of a further 5 umoles of monoacety]- 
uridine. The combined monoacetyluridine (103 ymoles) was 
dissolved in 0.3 ml of dry pyridine, 15 mg of toluene-p-sulfonyl- 
chloride were added, and the solution was allowed to stand at 
room temperature overnight. Pyridine was removed under re- 
duced pressure after addition of some methanol. 

The dry residue was extracted with ethyl acetate, saturated at 
25° with water, and chromatographed on Hyflo as described 
above. A clear-cut separation of 5’-O-acetyl-2’-(and 3’)-O-tolu- 
ene-p-sulfonyluridine (first peak, 25 umoles) from 5’-O-acetyl- 
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Fig. 3. Separation of 5’-O-acetyl-2’ (3’) -O-toluene-p-sulfonyl- 
uridine (first peak) from monoacetyluridine. Chromatography 
as in Fig. 2. 


uridine (second peak 61 ywmoles) was obtained. The material 
within each peak was freed from solvents by evaporation under 
reduced pressure. The remaining acetyluridine was retreated 
with toluene-p-sulfonylchloride with the formation of another 29 
umoles of the toluene-p-sulfonate. 

The toluene-p-sulfonate (54 umoles) was then dissolved in 2 
ml of methanol and treated overnight at room temperature with 
2 ml of saturated methanolic ammonia. After the solvents 
were removed in a vacuum the residue was dissolved in 2 ml of 
water and chromatographed on 7 sheets of Whatman 3 MM 
filter paper with the isopropanol-ammonium sulfate system of 
Brown et al. (9). This resulted in the separation of four ultra- 
violet-absorbing bands with ratios of Rr values relative to that 
of uridine (i.e. Ruridine) Of 0.89, 1.00, 1.16, and 1.37, respectively. 
The compound with a value of 1.00 (cyclouridine) was eluted from 
the paper sheets. On rechromatography it moved as a single 
spot in butanol-water or ammonium acetate-ethanol (10), with 
the same Ry value as uridine. In ammonium acetate-ethanol- 
borate (11) the compound moved with an R, value of 0.78 (corre- 
sponding to deoxyuridine) and an impurity with an Rp value of 
0.40 (= uridine) could be detected. This impurity corresponded 
to 3 per cent of the total radioactivity. 

Paper chromatography (2 sheets of Whatman 3 MM paper) 
with the borate system was used for further purification of cyclo- 
uridine. The ultraviolet-absorbing band with an R, value of 
0.78 was eluted with water, the solution was desalted by passage 
through a mixed column of Dowex 2-acetate and Dowex 50-H*, 
and the solvent was removed. The final yield was 18.5 umoles 
of cyclouridine. 

Conditions of Incorporation Experiments—The preparation of 
the embryonic minces of 5-day-old embryos was carried out ac- 
cording to Friedkin et al. (12). Incubation with the isotopic 
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nucleosides was performed at 37° for 90 minutes (1.5 g of em- 
bryos + 3 ml of Tyrode solution) as described earlier (1). The 
reaction was stopped by the addition of 0.3 ml of 4 m HCIO,. 
The resulting precipitate was washed twice with 1 ml of 0.6 m 
HiClO,, once with 70% ethanol, twice with ethanol, and twice 
with ether. Pyrimidine nucleosides from RNA and DNA 
were prepared and analyzed for their isotope content as de- 
scribed earlier (1). 

Phosphorolysis and Phosphorylation of Cyclouridine—An ace- 
tone powder was prepared from 100 five-day-old embryos. The 
powder was extracted at 0° with 0.05 m potassium phosphate 
buffer, pH 7.4 (100 mg of acetone powder per 1 ml of buffer). 
After centrifugation at 20,000 x g for 15 minutes the slightly 
opalescent solution was used for the incubations. 

The incubation mixture (final volume, 0.25 ml) contained the 
different substrates at the following concentrations: isotopic nu- 
cleoside, 2 mm; ATP, 9 mm; MgCls, 45 mM; 3-phosphoglycerate, 
27 mm; and potassium phosphate buffer, pH 7.4, 100 mm. Incu- 
bation with enzyme was carried out at 37° for the times indicated. 
The reaction was stopped by the addition of 0.03 ml of 4 M 
HClO,;. After centrifugation, the supernatant solution was neu- 
tralized with 4 m KOH and the KCIO, formed was allowed to 
precipitate overnight at 0°. In some cases (experiments with 
uridine and some experiments with cyclouridine) the acid solution 
was kept in a boiling water bath for 60 minutes before neutraliza- 
tion with KOH. This treatment served to break pyrophosphate 
bonds. 

Analysis of the incubation mixtures was carried out by paper 
chromatography. Aliquots (0.03 ml) of the solutions after the 
precipitation of KC1O, were subjected to descending paper chro- 
matography on Whatman 3 MM paper with the ammonium 
acetate-ethanol-borate solvent (11). Before chromatography, 
carrier uracil and UMP-5 (or deoxy-UMP) were added to each 
spot. The solvent separated the nucleosides completely from 
the corresponding nucleotides and from uracil. The spots were 
located with a Mineralite lamp and eluted with water, C'-de- 
terminations were performed on aliquots of the eluate. Blanks, 
containing no enzyme, were done by the same procedure. 

The amounts of uracil and nucleotides formed during each in- 
cubation were calculated from the amounts of total radioactivity 
and the amounts of radioactivity present in each spot. 

It was assumed that cyclouridine 5’-phosphate would show the 
same Ry-value as deoxyuridine 5’-phosphate (and uridine 2’(or 
3’)-phosphate). 


RESULTS AND DISCUSSION 


Identity of O?:2'-cyclouridine-2-C“—Because of the small 
amounts of material obtained in the synthesis an identification 
of the isotopic compound by melting point could not be carried 
out. 

The identity of the compound rests on several other criteria: 

(a) The mode of synthesis. In this connection it is of im- 
portance that an ultraviolet-absorbing impurity with a Ruriaine 
value of 0.89 (isopropanol-ammonium sulfate chromatogram) 
was obtained. This compound showed an absorption maximum 
in water at 257 mu and a minimum at 237 my. This and the 
chromatographic behavior identifies the compound as arabo- 
furanosylisocytosine. The formation of such a compound during 
the synthesis of cyclouridine is expected from the work of Brown 
et al. (9). 


(6) Ultraviolet spectrum. 


The spectrum of the isotopic cyclo- 
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uridine showed two maxima at 251 and 223 my, respectively, 
and two minima at 234 and 212 muy, respectively. The ratios 
of 251:223 and 251:234 were 0.98 and 1.32, respectively. These 
values agree with those published for crystalline O*:2’-cyclouri- 
dine (8). By use of a value of €2s: = 7860 (8) the specific ac- 
tivity of the synthesized cyclouridine was calculated to be 167,000 
¢.p.m. per umole as compared to a value of 173,000 ¢.p.m. per 
umole in the starting material. 

(c) Formation of arabofuranosyluracil. When the isotopic 
cyclouridine was heated in 0.1 N sulfuric acid (8) a new compound 
was obtained which was identified as arabofuranosyluracil by its 
spectrum (Amax = 263 my, Amin = 231 my) and by its behavior 


TABLE I 
Incorporation of uridine-2-C', deoryuridine-2-C'4 and 
cyclouridine-2-C'4 into embryonic polynucleotides 





Relative specific activityt 


Concent = § . , 7” 
Precursor* aa RNA DNA 
nucleoside | ____ — 
| Uridine | Cytidine | Thymidine lie 
ope - mM 7 on 7 
Uridine | 0.44 | 1.12 | 0.28 | 0.14 | 0.07 
0.22 | 0.65 0.12 0.08 0.05 
0.11 | 0.26 0.06 0.04 0.02 
° ae | | 
Deoxyuridine | 0.50 | 0.02 0.01 0.96 0.03 
| 0.25 0.71 
Cyclouridine 0.50 0.005 | 0.006 | 0.012 | 0.013 
0.25 0.008 | 0.004 0.007 0.012 








* The specific activities of the administered precursors were as 
follows: uridine-2-C™, 77,000 c.p.m. per umole; deoxyuridine-2- 
C*, 110,000 c.p.m. per umole; and cyclouridine-2-C", 167,000 c.p.m. 
per umole. 

t Relative specific activity = 


100 X 


c.p.m./ymole in precursor 


TABLE II 
Phosphorylation and phosphorolysis of different nucleosides 
with an extract from chick embryos. Enzyme corresponding to 
10 mg of acetone powder was used in each experiment. For 
further explanation see the experimental part. 








Substrate Time of incubation | Nucleotide formed Uracil formed 
a ee ae a aie : myumoles 
Uridine 10 12 27 
20 28 48 
30 37 60 
60 50 119 
Deoxyuridine 10 2.4 10 
| 20 5.3 21 
30 6.5 | 29 
60 18 62 
| 
Cyclouridine 10 0 | 0 
20 0 0 
30 0.2 
60 Teas 
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on paper chromatography (Ruridine = 1.10 in isopropanol-am- 
monium sulfate). 

Incorporation of Nucleosides into Embryonic Polynucleotides— 
A comparison was made of the incorporation of uridine-C™, de- 
oxyuridine-2-C™, and cyclouridine-2-C“ into RNA and DNA 
pyrimidines from the same batch of embryos at several different 
precursor concentrations (Table I). It can be seen that uridine 
is used for the synthesis of all the polynucleotide pyrimidines 
while deoxyuridine is incorporated only into DNA-thymidine. 
This is in accordance with earlier results obtained in incorpora- 
tion experiments with these nucleosides (7, 13, 14). Cyclouridine 
was not used to any appreciable extent. 

From the pooled acid soluble fractions of the experiments with 
cyclouridine it was possible to isolate the isotopic precursor in 
good yield. No change in its specific activity had taken place 
during the experiment. 

Enzymic Formation of Nucleotides from Isotopic Nucleosides— 
The incorporation experiments thus excluded the formation of 
cyclouridine from uridine as an intermediate step in a transforma- 
tion of uridine to deoxyuridine. However, it has been found 
that the transformation of the ribosyl compound to the deoxy- 
ribosyl compound in the chick embryo does not take place with 
nucleosides but with nucleotides. The general reaction sequence 
involves a transformation of uridine 5’-phosphate to deoxyuri- 
dine 5’-phosphate. Uridine and deoxyuridine enter this reac- 
tion sequence after phosphorylation with ATP (kinase reactions). 

In such a reaction sequence cyclouridine 5’-phosphate would 
be the hypothetical intermediate and not the cyclonucleoside. A 
prerequisite for the incorporation of the isotopic cyclouridine 
would thus be its transformation to a nucleotide by a kinase reac- 
tion. Experiments were therefore performed to find such a reac- 
tion in crude extracts of acetone powders of chick embryos. The 
corresponding phosphorylations of uridine and deoxyuridine were 
also investigated in such an extract. 

The three labeled nucleosides were separately incubated with 
the extract, ATP, and an ATP-regenerating system, and the 
amounts of labeled nucleotides formed at different time intervals 
were measured. Since the incubation mixtures also contained 
phosphate buffer, the simultaneous determination of phosphory]- 
ase activities towards the different nucleotides was possible. 

The results from such experiments are given in Table II. It 
can be seen that a significant phosphorylation of uridine and de- 
oxyuridine took place. On the other hand cyclouridine gave rise 
to only very small amounts of a radioactive compound which 
showed the expected chromatographic behavior of cyclouridine 
5’-phosphate. This amount of phosphorylation is of doubtful 
significance but, if present, it is much less than that observed 
with uridine and deoxyuridine. 

Similarly uracil was formed only from uridine and deoxyuri- 
dine, but not from cyclouridine. Thus neither uridine phos- 
phorylase nor deoxyuridine phosphorylase catalyzed the phos- 
phorolysis of cyclouridine. 

Similar negative evidence for phosphorylation or phosphoroly- 
sis of cyclouridine has also been obtained in unpublished experi- 
ments with extracts from acetone powders of several ascites tu- 
mor cells. These extracts quite rapidly phosphorylate uridine 
and deoxyuridine (15). It is thus clear that significant amounts 


of an enzyme which could phosphorylate cyclouridine are lacking 
in several rapidly growing tissues which depend on a rapid syn- 
thesis of DNA for their growth. 

This in itself might be taken as an argument against the par- 
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ticipation of the cyclonucleotide as an intermediate in DNA syn- 
thesis. The reason would be that all nucleotides participating in 
biosynthetic reactions can be formed from their corresponding 
nucleosides by kinase reactions. This applies not only for those 
nucleotides which are building blocks of polynucleotides but also 
for those which exist as transient intermediates, such as xantho- 
sine 5’-phosphate (16) and deoxyuridine 5’-phosphate. 

Such an argument, however, is very indirect and a definite 
decision must await enzyme experiments with synthetic cyclo- 
uridine 5’-phosphate. 


SUMMARY 


The synthesis of O?:2’-cyclouridine-2-C™ from uridine-2-C% js 
described. 

When incubated in vitro with minces of 5-day-old chick embryo 
cells the cyclonucleoside was not incorporated into either ribonu- 
cleic acid or deoxyribonucleic acid pyrimidines. The same prep- 
arations incorporated uridine into both ribonucleic acid and de- 
oxyribonucleic acid pyrimidines, while deoxyuridine was utilized 
only for the synthesis of DNA-thymidine. 

Crude extracts from acetone powders of chick embryos phos- 
phorylated uridine and deoxyuridine to nucleotides in the pres- 
ence of adenosine triphosphate. A phosphorolysis of these 
nucleosides was also observed. Only insignificant amounts of 
cyclouridine, however, were transformed to the nucleotide or 
to the free pyrimidine. 

The experiments exclude the reaction sequence: uridine > 
cyclouridine — deoxyuridine. The possibility of a corresponding 
transformation with the nucleotides is discussed. 


Acknowledgment—The valuable technical assistance of Mr. A. 
Baldesten during the course of this investigation is gratefully 
acknowledged. 
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Conflicting evidence has been given regarding the participa- 
tion of vitamin By in polynucleotide synthesis in mammalian 
systems (cf. 1). In Lactobacilli, however, more convincing and 
consistent results have been obtained implicating the vitamin in 
deoxyribose synthesis (cf. 2) and recently also in the formation of 
thymine from formate (3). 

In an earlier paper (4) we have used minces of 5- to 9-day-old 
chick embryos to study the synthesis of deoxyribonucleic acid 
from cytidine-C™. Preparations from normal and B,--deficient 
embryos have now been compared with respect to their ability 
to use cytidine-C™ for polynucleotide synthesis, with the inten- 
tion of studying possible differences of incorporation between the 
two groups. Similar experiments were also carried out with 
deoxyuridine-2-C" and thymidine-2-C". No effect of Birde- 
ficiency on the incorporation of cytidine-C™ into RNA or DNA- 
deoxycytidine was observed. However, the incorporation of 
cytidine and deoxyuridine, but not of thymidine, into DNA- 
thymidine diminished. This utilization of substrate for DNA- 
thymidine synthesis was increased by the addition of vitamin 
By to the vessels during the incubations. 


EXPERIMENTAL 


Production of Deficient Embryos—Two groups of white Leghorn 
pullets were confined in two identical laying pens with raised 
wire mesh floors. The experimental group (15 hens + 1 male) 
received the vitamin B,--deficient diet of Yacowitz et al. (5); the 
control group (10 hens + 1 male) received the same diet fortified 
with 1 mg of vitamin Bi: per 100 kg. Food and water were sup- 
plied ad libitum. The eggs were collected daily and incubated 
once a week. They were removed from the incubator immedi- 
ately before use of the embryos. 

Two such experiments were carried out, the first between 
March 27 and June 15 and the second between July 1 and No- 
vember 15. In the first experiment the high protein diet was 
used, in the second one the low protein diet (5). 

Determinations of Vitamin B,2, Deoxyribonucleosides, and DNA 
—After removal from the fertilized eggs the embryos were washed 
with ice-cold Tyrode solution, blotted with filter paper, pooled, 
and weighed. A mince of the embryos was prepared according 
to Friedkin et al. (6). An aliquot was removed and homogenized 
with 2 volumes of distilled water while the rest was used for the 


* This research was supported through grants from the Swedish 
Medical Research Council and the Swedish Cancer Society to one 
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incubation experiments. The water homogenate was used for 
the determinations of vitamin Bis, deoxyribonucleosides, and 
DNA (cf. 7, 8). 

For the analyses of vitamin Biz and deoxyribonucleosides one 
part of the water homogenate was mixed with an equal amount of 
0.1 m potassium phosphate buffer, pH 6.0, containing KCN at 
1.5 mM concentration. The mixtures were autoclaved at 120° 
for 10 minutes and centrifuged. The clear supernatant solutions 
were assayed microbiologically for vitamin By. with Lactobacillus 
leichmannii 313 ATCC 7830 and Escherichia coli 113-3 ATCC 
11105, and for deoxyribonucleosides and deoxyribonucleotides 
(thymidine was used as a standard) with Lactobacillus acidophilus 
R-26 ATCC 11506. With all three bacteria turbidimetric tube 
assays were carried out in a total volume of 10 ml per tube. 
Optically standardized bacterial suspensions were used for inocu- 
lation of the tubes. The medium used for the L. leichmannii 
and L. acidophilus assays was the Leuconostoc citrovorum 8081 
cup plate assay medium of Bolinder et al. (9), the agar being 
omitted. However, the following additions were made: The 
amount of glucose and sodium acetate was doubled; 1 g of 
ascorbic acid, 1 mg of thiomalic acid, and 0.1 mg of KCN were 
added to each liter of medium for the L. leichmannii assays; thio- 
glycolic acid (100 mg) and 0.1 mg of KCN per liter of medium 
for the L. acidophilus assays. 

The cup plate assay medium of Diding (10) was used for the 
E. coli assays, the agar being omitted. In addition, 100 mg of 
thiomalic acid and 10 mg of KCN were added per liter of single 
strength medium. Glucose was autoclaved together with the 
medium. 

Within experimental error identical vitamin Bi. assay values 
were obtained with L. leichmannii and E. coli. Furthermore 
the L. acidophilus assays revealed that the amounts of deoxyri- 
bonucleosides present in the extracts could not influence the 
vitamin Bi: assays with L. leichmannii. In most cases sufficient 
amounts of sample were available to permit duplicate assays 
with all three test organisms. 

For the DNA analyses 1 ml of the water homogenates was 
precipitated with 2.5 ml of cold 10 per cent trichloroacetic acid. 
The precipitate was washed twice with 2.5 ml of the cold acid 
and twice with 5 ml of ethanol. It was then suspended in 1.3 
ml of water, trichloroacetic acid (10 per cent, 1.3 ml) was added, 
and the suspension was kept at 90° for 15 minutes. After cen- 
trifugation DNA was determined in the supernatant solution 
according to a modification (11) of the Dische reaction. A sam- 
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TABLE I 
Incorporation of cytidine-C'4* 
Experiment 1: 7-day-old embryos from hens, kept for 7 weeks 
on deficient diet. Cytidine = 0.28 mm. Experiment 2: 7-day- 


























old embryos from hens, 10 weeks on deficient diet. Cytidine = 
0.55 mM. 
| | DNAt RNAt 
| Biz Thymidine |Deoxycytidine Uridine Cytidine 
| ccm: (eileen ie _ 
De- | Con- | De- | Con- | De- | Con- | De- | con- 
ficient | trol /ficient| trol jficient|} trol [ficient | trol 
Zs ry iid relative specific activity 
Experiment1| 0 {0.041 0.20 0.33 | 1.19 
0 |0.056 0.30 0.29 1.09 
| 0.01/0.084 0.24 0.31 | 1.13 
1.0 |0.090) | 0.21 0.31 | 1.19 
Experiment 2 0 0.056) 0.12) 0.30 0.36) 0.40) 0.47) 1.50) 1.80 
| 0 0.048 | 0.25 0.41 | 1.36 
0.01/0.055 0.23 | 0.40 1.58 
0.1 |0.069) =| 0.24 0.43 | 1.70 
1.0 (0.090) 0.30 0.42) = | 1.70) 
5.0 (0.097 0.11) 0.25; 0.33) 0.42) 0.43) 1.57) 1.86 








* Specific activity of cytidine-C'* = 150,000 c.p.m. per umole. 
7 Values given as relative specific activity = 
c.p.m./umole in isolated compound 
oo  _———————. 
¢.p.m. /umole in precursor 


ple of air-dried calf thymus DNA prepared according to Ham- 
marsten (12) was used as a standard. 

Isotopic Compounds—Cytidine-C"™, uniformly labeled, was pur- 
chased from Schwarz Laboratories, Inc. and purified as described 
(4). Deoxyuridine-2-C" and thymidine-2-C" were prepared by 
exchange reactions of nonlabeled nucleosides with labeled pyrimi- 
dines in the presence of a phosphorylase preparation from E£. coli 
as described earlier (13). 

Experimental Conditions—The embryonic mince (1.5 g) was 
incubated with 3 ml of Tyrode solution and the isotopic com- 
pounds for 90 minutes at 37° as described earlier (4). The reac- 
tion was stopped by addition of 0.4 ml of 4 m HClO, The re- 
sulting precipitate was washed twice with 1 ml of 0.6 m HCIO,, 
once with 10 ml of 70 per cent ethanol, twice with 10 ml of 
ethanol, and twice with ether. It was then placed in an evacu- 
ated desiccator for 1 to 2 hours. The resulting dry precipitate 
was weighed (“dry weights’) and used for the preparation of 
pyrimidine nucleosides for isotope analyses (cf. 4). 


RESULTS 

Development of Bix-deficiency—In the first feeding experiment 
(high protein diet) the embryos quite rapidly developed a pro- 
nounced deficiency. The following values (mug of vitamin Bye 
per g wet weight of 7-day-old embryos) were obtained after 
5, 7, and 10 weeks from the start of the experiment: 9.9; 7.5, and 
3.6 (controls, approximately 40). 

In the second experiment (low protein diet) a slower develop- 
ment of deficiency occurred. Corresponding Biz values in this 
group were, after 5, 8, 11, and 14 weeks, as follows (values for 
the control groups are given in parentheses): 8.1 (36); 8.4 (54); 
5.9 (48), and 4.8 (48). 

Since the 7-day-old embryos from the second feeding experi- 
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ment, obtained after 14 weeks on the deficient diet, showed little 
differences in the incorporation of deoxyuridine as compared to 
the controls it was decided to use older embryos. The B, 
values given as above were as follows: after 16 weeks (9-day-old 
embryos) = 3.6 (36); after 17 weeks (11-day-old embryos) = 
2.4 (33); and after 21 weeks (11-day-old embryos) = 3.2 (38). 
The control values are again given in parentheses. Incorpora- 
tion experiments with the last three groups of embryos will be 
recorded. 

DNA and Deoxyribonucleoside Analyses—In the second feeding 
experiment (low protein diet) determinations of wet weight, 
DNA, and deoxyribosides were carried out. No significant dif- 
ferences between controls and deficient groups (7-day-old em- 
bryos) were observed up to 15 weeks after the start of the experi- 
ment. After that time the deficient groups gave consistently 
lower weight and DNA values. The actual values are recorded 
later together with the incorporation data in Tables IT and III. 
No differences in dry weights were found, a demonstration that 
the observed changes did not depend on differences in water con- 
tent. A similar decrease of DNA content has been observed 
varlier in rat liver (14). There it was demonstrated that the 
amount of DNA per liver cell did not decrease, however. 

The deoxyribonucleoside analyses did not show any clear cut 
differences between the deficient and control groups. The fol- 
lowing average values (expressed as wg of thymidine per g 
wet weight of embryonic mince) were obtained (controls in 
parentheses): 7-day-old embryos = 9.6 (11.1); 9-day-old em- 
bryos = 5.1 (4.2); 11-day-old embryos = 3.9 (4.4). 

Incorporation of Cytidine-C'“—Table I summarizes the results 
from two experiments in which the incorporation of uniformly 
labeled cytidine-C™ was studied. The results were obtained with 
embryos from the first feeding experiment. Two deficient 
groups, obtained after 7 and 10 weeks, respectively, are compared 
with one control group. These two deficient groups were incu- 
bated with two different concentrations of cytidine, one of which 
was identical with the cytidine concentration in the control 
(0.55 mm). Vitamin By in 
added to some of the flasks. 

The isotope incorporation into both RNA and DNA pyrimi- 
dines was measured. A comparison of the values from the con- 
trol group and the deficient group incubated with identical cyti- 
dine concentrations (Experiment 2) shows that the isotope values 
of the RNA-pyrimidines and DNA-deoxycytidine in the control 
in some cases were slightly higher than the corresponding values 
in the deficient group. The observed differences are not con- 
sidered to be very significant. However, the incorporation into 
the DNA-thymidines of the deficient cells was only half that of 
the control. 

Addition of increasing amounts of vitamin Bi: clearly stimu- 
lated the incorporation into DNA-thymidine in the deficient 
group. No such effect was observed in the control or in any 
other pyrimidine in the deficient group. 

Similar results were obtained with the deficient embryos in 
Experiment 1. There the incorporation data cannot be directly 
compared with those of the control, since different amounts of 
cytidine-C™ were used. It is evident, however, that also under 
those changed conditions the addition of Bis clearly stimulated 
incorporation into DNA-thymidine. Incorporation into the 
other pyrimidines was not changed significantly. 

Incorporation of Deoxyuridine-2-C™ and Thymidine-2-C'*—The 
above results did not indicate an involvement of the vitamin in 
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the formation of pyrimidine-bound-deoxyribose from pyrimidine- 
pound-ribose. Instead they suggested the participation of Bie 
in the formation of DNA-thymidine. It was therefore of interest 
to study the incorporation of other more direct precursors of 
DNA-thymidine. Such precursors are deoxyuridine and thymi- 
dine (6, 13, 15, 16). 

Friedkin et al. (6) have studied the influence of thymidine 
concentration on its incorporation into DNA by chick embryo 
preparations and have demonstrated maximal incorporation with 
thymidine at about 0.25 mm concentration. A similar experi- 
ment was now carried out with deoxyuridine which showed that 
maximal incorporation into DNA-thymidine of normal 5-day-old 
embryos occurred at a concentration of the precursor of about 
0.5 mn (Fig. 1). 

Two groups of embryos obtained from the second feeding ex- 
periment with the low protein B,--deficient diet were used for the 
final incorporation experiments. In confirmation of the results 
of Yacowitz et al. (5) it was found that this diet produced a less 
severe Bie-deficiency. Nine- and 11-day-old embryos were used 
in the experiments since they showed a more severe degree of 
deficiency than 7-day-old embryos. 

The results of experiments concerning the incorporation of 
deoxyuridine-C™ into DNA-thymidine in two deficient and two 
normal groups of embryos (9- and 11-day-old, respectively) are 
recorded in Table II. The experiments with the deficient em- 
bryos (in duplicates) and the controls were carried out simultane- 
ously in each case. In addition the influence of a large amount 
of vitamin Bie (5 wg per vessel) was studied. In both experi- 
ments the minces from the deficient embryos incorporated less 
isotope than did those from the controls. Addition of By. stimu- 
lated incorporation in the deficient groups but not in the con- 
trols. 

These experiments demonstrated an effect of Biz on the in- 
corporation of deoxyuridine into DNA-thymidine but did not 
show whether it was the methylation step that was involved or 
whether it was connected with the further transformation of the 
methylated compound into DNA. For this purpose incorpora- 
tion experiments with thymidine-C™ were conducted (Table 
III). The first two experiments in the table were carried out 
with the same groups of embryos as used in the experiments of 
Table II. It is evident that the deficient groups in no case in- 
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Fig. 1. Incorporation of deoxyuridine-2-C™ at different con- 
centrations. Minces of 5-day-old normal embryos were used. 


Incubation for 90 minutes at 37° with deoxyuridine (28,000 c.p.m. 
Incorporation into DNA-thymidine was measured. 


per umole). 
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TaB.Le II 
Incorporation of deoryuridine-2-C™ 
Deoxyuridine (110,000 c.p.m. per ymole) = 0.33 mm. Experi- 


ment 1: 9-day-old embryos, obtained from hens kept for 16 weeks 
on the deficient diet; Experiment 2: 11-day-old embryos from 
hens, 17 weeks on the deficient diet. For further explanation see 
text. 


Relative specific activity* 
of DNA thymidine 
Wet weight DNA as 


NoBu | 
added | Plus Biz 





gm/embryo mg/embryo 


Experiment 1 | 


Deficient 1.27 | 1.20 0.27 | 0.35 

0.29 0.41 

Control 1.55 1.86 0.35 0.34 
Experiment 2 | 

Deficient 2.10 2.27 0.22 | 0.28 

0.19 0.26 

Control 2.80 3.72 0.30 0.32 


*See Table I for definition. 


TaB.e III 
Incorporation of thymidine-2-C™ 
Thymidine (90,000 c.p.m. per umole) = 0.40 mm. Experiments 
1 and 2: embryos as described in Table II; Experiment 3: 11-day- 
old embryos from hens, kept for 21 weeks on Bi2-deficient diet. 
For further explanation see text. 


Relative specific activity* 
of DNA-thymidine 


| Wet weight ey melee 
| Maced, | Plus Bus 
gm/embryo mg/embryo | 
Experiment 1 | 
Deficient . | 1.27 1.20 1.01 | 1.02 
Control... 1.55 1.86 0.87 | 0.86 
Experiment 2 
Deficient 2.10 | 2.27 | 0.78 0.76 
Control. 2.80 3.72 | 0.75 lost 
Experiment 3 
Deficient . . 2.20 2.73 | 0.59 0.57 
| 0.59 0.58 
Control. 3.10 4.37 | 0.58 0.63 
| 











* See Table I for definition. 


corporated less isotope into DNA-thymidine than those from 
the controls and that addition of the vitamin (5 wg per vessel) 
did not exert a stimulating effect. In Experiment 1 there was 
actually a slightly higher incorporation in the deficient group 
than in the control. This fact should be kept in mind when 
interpreting the data of Experiment 1 in Tabie II which were 
obtained with the same two groups of embryos. 


DISCUSSION 

Both groups of Bi-deficient embryos used in our experiments 
contained only about one-tenth the amount of the vitamin in 
the embryos of the control groups. In the second Birdeficient 
group the weight and DNA content of the embryos averaged 75 
and 60 per cent, respectively, of that of the controls (Tables II 
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Fig. 2. Scheme for incorporation of nucleosides into RNA and 
DNA. 


and III) and gross macroscopic changes were sometimes ob- 
served. Nevertheless, the only certain change in connection 
with polynucleotide synthesis was a decreased utilization of de- 
oxyuridine and cytidine for the synthesis of DNA-thymidine. 

Cytidine is incorporated into polynucleotide pyrimidines ac- 
cording to the reactions of Fig. 2 which also includes the reac- 
tions through which deoxyuridine and thymidine are utilized. 
It can be seen that all the nucleosides are first transformed to 
nucleotides. The transformations of ribosyl to deoxyribosy]l 
compounds then take place through the nucleotides (Reactions 
(a) and (b)). During these reactions there occurs a reduction of 
pyrimidine bound ribose to pyrimidine bound deoxyribose. Dur- 
ing Reaction (c) a methyl group is then attached to the pyrimi- 
dine ring. This group can originate from different potential 
“one-carbon”’ donors, such as the hydroxymethy] group of serine, 
formaldehyde, or formate. 

The incorporation data from the cytidine-C™ experiments do 
not indicate that Bie is involved in Reactions (a) and (6) of Fig. 
2. These are in all probability the reactions which are responsi- 
ble for the demonstrated connection of vitamin B12 with deoxy- 
ribose synthesis in Lactobacilli. The observed decreased incor- 
poration into DNA-thymidine, on the other hand, implicates 
some connection of the vitamin with Reaction (c) in the embryos. 
In particular the stimulation of the incorporation of cytidine 
into DNA-thymidine by the addition in vitro of the vitamin 
strongly indicates a relatively direct effect of Bie. 

In a second group of deficient embryos the incorporation of 
deoxyuridine and thymidine was investigated. These nucleo- 
sides are only incorporated into DNA-thymidine (Fig. 2) and 
are more direct precursors of this compound. The incorporation 
data again point to the connection of vitamin Biz with Reaction 
(c). Since no decrease of the incorporation of thymidine was 
noticed, the effect of Biz on deoxyuridine incorporation must be 
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located between deoxyuridine and TMP and not between TMP 
and DNA (Fig. 2). It is furthermore very unlikely that the phos- 
phorylation of deoxyuridine requires Bi: and the only alternative 
left is the transformation of deoxy-UMP to TMP. 

It has been demonstrated that the methylation of deoxy-UMP 
requires the participation of a hydroxymethy!-folic acid deriva- 
tive (17-19). The work of Kisliuk and Woods (20) strongly 
indicates that vitamin By: is involved in the formation of such 
a compound in extracts from EF. coli. The present results are in 
agreement with such a concept with the assumption that a simi- 
lar metabolic relationship exists in the embryonic cells. It is 
thus likely that the vitamin does not participate directly in Re- 
action (c) but rather is required for the regeneration of the ac- 
tive one-carbon donor. 

In Lactobacilli vitamin Bi, has been shown to be involved not 
only in methyl group but also in deoxyribose synthesis. Con- 
ceivably there exists a difference between the bacteria and chick 
embryo cells in this respect. However, it is possible that the 
ribose reduction step requires Biz in the embryonic cells also, 
but that this reaction is less sensitive to a vitamin deficiency 
than the methylation step. The degree of deficiency in our ex- 
periments thus might not have affected deoxyribose formation. 
Furthermore, one could imagine that there exist variations in 
the relative sensitivities of several Bis-dependent reactions in 
different organisms. This would explain how the choice of or- 
ganism might influence the results. 

Wagle et al. (21) have recently reported that no effect of Bir 
deficiency was found in connection with the incorporation in vivo 
of several “‘one-carbon” precursors into RNA and DNA from 
livers of pigs, rats, and chicken. Apart from difference in test 
systems the discrepancy between their results and ours might 
depend on the fact that they did not measure the isotope content 
of individual purines and pyrimidines; hence relatively small dif- 
ferences in the extent of incorporation into thymidine might 
have been obscured by the simultaneously measured incorpora- 
tion of the precursors into the rest of the DNA molecule. Be- 
sides, in their experiments the specific activity of the DNA was 
reported to be about the same as that of RNA. However, it is 
well known (cf. 22) that DNA from liver incorporates less isotope 
than RNA and the presence of isotopic impurities in the DNA 
preparations must therefore be suspected. This would still 
further tend to obscure any differences of incorporation into 
thymidine between the deficient and control livers. 


SUMMARY 


The incorporation in vitro of uniformly labeled cytidine-C", 
deoxyuridine-2-C“, and thymidine-2-C" into polynucleotide 
pyrimidines from B,:-deficient chick embryo minces was studied. 

No definite difference was found in the incorporation of cyti- 
dine into ribonucleic acid-pyrimidines and deoxyribonucleic acid- 
deoxycytidine from the deficient embryos or the controls. Such 
a difference could be demonstrated for the incorporation into 
deoxyribonculeic acid-thymidine. Addition of vitamin By: in 
vitro to the deficient preparations stimulated this incorporation. 

The incorporation of deoxyuridine into thymidine from deoxy- 
ribonucleic acid was also decreased in the deficient preparations 
and was again stimulated by the addition of Bie in vitro. No 
corresponding lowering or stimulation of thymidine incorporation 
was observed. 


The results thus demonstrate a requirement for vitamin Bi 
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in the reactions connected with the methylation of uracil but not 
those connected with deoxyribose synthesis. 
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According to a widely accepted view, the structure of chromo- 
somal deoxyribonucleic acid in the nucleus determines the en- 
zymatic composition of the cytoplasm. An attractive proposi- 
tion which would explain this genetic control of cytoplasmic 
enzymes is that deoxyribonucleic acid in some way determines 
the structure of nuclear ribonucleic acid, that the nuclear ribo- 
nucleic acid passes out into the cytoplasm without being de- 
graded, and that this ribonucleic acid controls the synthesis of 
enzymes and other proteins in the cytoplasm. A possible rela- 
tion of cytoplasmic ribonucleic acid to protein synthesis is now 
well established, but no relation between deoxyribonucleic acid 
and nuclear ribonucleic acid, or transfer of nuclear ribonucleic 
acid to the cytoplasm has been elucidated. 

One possible proof of transfer of nuclear RNA to the cytoplasm 
would be to label nuclear RNA in vivo, isolate the nuclei (here- 
after referred to as radioactive nuclei), and combine them with 
a cytoplasmic fraction from a rat which had not been given an 
injection with radioactive tracer (hereafter referred to as non- 
radioactive cytoplasm). This reconstituted homogenate could 
then be incubated in a medium which would permit energy pro- 
duction either by glycolysis or oxidative phosphorylation, and 
an energy-requiring transfer of RNA from the nucleus to the 
cytoplasm might be observed in vitro. When such experiments 
were performed (1, 2) RNA associated with the nuclear fraction 
was found in the cytoplasmic fraction after incubation. How- 
ever, the relation between these results in an incubation in vitro, 
and the physiological phenomena which occur in vivo required 
further investigation. 

In the present experiments, high concentrations of inhibitors 
of energy production were examined for their effect on the 
release of nuclear RNA from radioactive nuclei. These results 
lead to a study of the effect of ATP, chelating agents, and magne- 
sium concentration on the release. The requirement for an 
elevated temperature was also investigated. It is demonstrated 
in these experiments that if there is a physiological ‘transfer’ 
of RNA from the nucleus to the cytoplasm occurring during the 
incubation, it does not appear to require energy, it happens in a 
very short time, and it is prevented by high concentrations of 
magnesium. These results suggest that chemical or physical 
factors rather than physiological factors are mainly responsible 
for the release of nuclear RNA observed in vitro. A requirement 
for elevated temperatures cannot be satisfactorily explained at 
present. 


* Supported by a grant from the Anna Fuller Fund (New Haven, 
Connecticut) and grant No. G-5178 of the National Science 
Foundation (United States of America). 


EXPERIMENTAL 


The methods are essentially the same as used previously (1, 3) 
Rats were given injections of 5 ue of adenine-8-C™ (Schwarz 
Laboratories) and killed 2, 6, or 12 hours later depending on 
the experiment. The 2 hour time was usually used. Radio- 
active nuclei were isolated from a 20% homogenate of the rat 
liver (in 0.25 m sucrose) by centrifugation at 600 X g for 10 
minutes. The pellet was resuspended in approximately 5 
volumes of 0.25 mM sucrose and recentrifuged. Both the first and 
the second supernatant fractions were discarded. The non- 
radioactive cytoplasm was isolated by the same procedure from 
a rat which had not been injected with radioactive adenine. In 
this case, however, the nuclear pellet was washed with an equal 
volume of 0.25 m sucrose or less, and the supernatant after 
centrifugation was combined with the initial supernatant. A 
reconstituted homogenate was made by homogenizing (plastic 
tube and pestle) nonradioactive cytoplasm with. radioactive 
nuclei from an equivalent weight of liver. An aliquot of 1.5 ml 
of this homogenate was then added to Erlenmeyer flasks. Each 
flask contained 1.5 ml of a solution with the following concentra- 
tions of substrates and cofactors: phosphate buffer, pH 7.4 
(20 mo), succinate (6 mM), pyruvate (20 mo), glutamate (20 mm), 
magnesium chloride (6 mm), ATP (0.8 mm), fructose (12 mm), 
sucrose (250 mm), and the reagent to be tested (usually 20 mm). 
(In most experiments the reagent was actually added to the flask 
after addition of the homogenate.) 

After incubation (usually for 10 or 45 minutes) at 37°, the 
contents of the flask were rehomogenized in a plastic tube with 
a plastic pestle to break up clumps formed during incubation, 
and were then centrifuged at 600 x g for 10 minutes to reisolate 
the radioactive nuclei. The nuclear pellet was washed by re- 
homogenization with a 2 ml portion of 0.25 m sucrose, and the 
supernatant after recentrifugation was combined with the first 
supernatant to give a cytoplasmic fraction. In most experi- 
ments, only the specific activity of the nuclear RNA was exam- 
ined, and the cytoplasmic fraction was discarded. 

The RNA was isolated as previously described (3). After 
precipitating the tissue with 0.3 N perchloric acid and wash- 
ing it twice with 0.3 N perchloric acid at a temperature be- 
low 4°, the RNA and DNA were extracted with 10% NaCl 
at pH 7.2 (phenol red) by heating at 100° for 15 minutes. The 
sodium nucleates were precipitated with alcohol, centrifuged, 
and washed once with a large volume of alcohol to remove the 
salt. The nucleate pellet was then resuspended in a small 
volume of 0.1 M ammonium hydroxide, and aliquots were taken 
for determination of radioactivity and RNA content. When 


aliquots of the nucleic acid obtained in this way are plated on 
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aluminum planchets! the resulting plate is covered by a thin 
film of RNA which weighs less than 0.4 mg. Because of this 
small weight and because all the samples have approximately 
the same amount of RNA, the small correction factors for self 
absorption are uniform and have not been applied in these 
experiments. 

The amount of RNA was determined by the orcinol method 
with arabinose as a standard. It was found that 1 umole of 
arabinose gave as much color as 0.59 mg of RNA obtained from 
the Nutritional Biochemicals Company and this value has been 
used to convert orcinol color to milligrams of RNA. 

At 2 hours after injection of adenine, the DNA had a specific 
activity of 18 ¢.p.m. per mg of DNA and in a second experiment, 
at 12 hours after injection, one of 30 ¢.p.m. per mg. Because 
of these low values, DNA was not removed from the nuclear 
RNA before plating. It can be calculated that the maximum 
¢.p.m. per plate due to DNA at 12 hours after injection would 
have been 12 ¢.p.m. per plate, and the actual value at the 2 
hour time used in most experiments must have been considerably 
lower than this. Counts for the nuclear RNA were usually 200 
to 700 ¢.p.m. per plate above background, and only in a few 
instances did the values fall below 190. Thus, there is the 
possibility of a 7% maximum error in a few isolated plates due 
to the presence of DNA. The alternative would be to hydrolyze 
the RNA with NaOH, precipitate the DNA with HCl, neutralize 
the solution, and plate this relatively large volume of solution 
containing NaCl. This produces plates covered with crystals 
of NaCl that are not homogeneous and have a rather large 
weight, which requires the use of correction factors. 


RESULTS AND DISCUSSION 


As shown in Fig. 1, the nuclear RNA released? in vitro during 
incubation has a higher specific activity than that of the nuclear 
RNA remaining at the end of the incubation. If this were not 
so, the specific activity of the nuclear RNA would remain con- 
stant during the incubation. This result supports the idea 
that there are two different types of nuclear RNA present in the 
isolated nuclear fraction, and that they can be differentiated on 
the basis of rate of release from nuclei incubated in vitro. Other 
methods for demonstrating two types of nuclear RNA have been 
published by a number of workers (4-8). 

After the injection of glucose-1-C“ into rats, radioactive 
nuclear RNA with a high specific activity disappears expo- 
nentially from the nuclear fraction of the liver within 12 hours, 
and RNA with a relatively low specific activity remains in the 


1The aluminum planchets were kindly provided by Dr. C. 
Heidelberger of the McArdle Memorial Laboratory, University of 
Wisconsin. 

*It is already known from previous experiments (1) that the 
radioactive RNA released from the nucleus can be reisolated as 
cytoplasmic RNA and that there is only a small decrease in the 
amount of RNA during incubation. These data will be reported 
in a future communication (C. Scholtissek and V. R. Potter, un- 
published results). It is this finding which justifies the term 
release rather than “‘destruction.’’ It should also be noted that 
the decrease in specific activity of nuclear RNA is extremely 
rapid, since 60 to 80% of the decrease occurs within the first 10 
minutes. 

To account for this result as ‘‘dilution,’’ it would be necessary 
to postulate the synthesis of an amount of nonradioactive RNA 
larger than the amount already present in the nucleus within the 
first 10 minutes incubation period. The word “release’’ was 
chosen because it has less implications and unwanted connotations 
than the term “‘transfer.”’ 
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Fic. 1. The release of nuclear RNA from nuclei isolated at dif- 
ferent times after injection of adenine-8-C'. Rats were given 
injection of 5 we of adenine-8-C"™ and killed at 2 (@), 6 (O), and 
12 (X) hours later. Radioactive nuclei from these rats were com- 
bined with nonradioactive cytoplasm. This reconstituted ho- 
mogenate was incubated under standard conditions (see text) for 
the lengths of time indicated on the abscissa. The nuclei were 
reisolated at intervals during the incubation, and RNA was iso- 
lated from these nuclei. The specific activity of the nuclear RNA 
was determined, and is given on the ordinate. The specific ac- 
tivity of cytoplasmic RNA in the 2 hour experiment is also given. 
In one experiment, the reconstituted homogenate was incubated 
only in 0.25 m sucrose alone without any cofactors or substrates 
added, and the results for the specific activity of the nuclear 
RNA in this case are indicated (@- -—-@). 














nuclear fraction for periods up to 2 weeks (9). This suggests 
that the radioactive nuclear RNA which is released from the 
nucleus in vitro is identical with the nuclear RNA which rapidly 
disappears from the nuclei in vivo. 

If this hypothesis is correct, then less radioactive RNA should 
be released from nuclei isolated at longer times after injection 
of radioactive adenine. It is clear, however, from Fig. 1 that 
there is no striking difference in the rate of release of radioactive 
RNA from nuclei isolated 2, 6, or 12 hours after injection of 
radioactive adenine. However, the slope of the curve for nuclei 
isolated 12 hours after injection is very slightly less in both cases 
than the slope for nuclei isolated at 2 or 6 hours after injection. 
The finding is not in good agreement with previous evidence (2) 
obtained by labeling nuclear RNA with orotic acid-6-C" in vivo 
before incubation. With orotic acid it was found that there was 
a striking difference depending on labeling time in vivo. At 
shorter times in vivo much more RNA was released than at longer 
times. The reason for this discrepancy for the two different 
precursors has not yet been explained. 

The demonstration of a release of nuclear RNA during the 
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TABLE I 


Effect of various reagents on release of nuclear RNA from nucleus 


A reconstituted homogenate was prepared from radioactive 
nuclei (isolated from a rat given an injection of adenine-8-C™ 2 
hours before it was killed) and a nonradioactive cytoplasmic frac- 
tion (isolated from a rat which had not been given a radioactive 
injection). This homogenate was incubated with a standard 
incubation mixture of substrates and cofactors (see ‘‘Experi- 
mental’). The substances listed in the table were added by 
pipetting 0.15 ml of a 0.2 m solution into each flask after addition 
of the homogenate and just before incubation to give a final con- 
centration of 0.01 m in a final volume of 3 ml. The To value 
represents the specific activity of nuclear RNA obtained from 
nuclei which were reisolated from the reconstituted homogenate 
shortly after it was added to a mixture of cofactors and sub- 
strates at 0°. The Ttermina: value represents the specific activity 
of the nuclear RNA obtained from nuclei which were isolated 
after incubating the tissue at 37° for the minutes indicated. 

In the bottom half of the table, the specific activity of the 
nuclear RNA at the end of the incubation is termed the ‘“‘final 
specific activity.”” This value is expressed in terms of per cent 
of the control where water was added in place of the test com- 
pound. Thus, values less than 100% represent a lower final 
specific activity of the RNA or an increased or stimulated release 
to the cytoplasm. Values more than 100% represent a higher 
final specific activity or an inhibition of the release. 

In three cases duplicate values varied as much as +12% (citrate, 
Experiment 4, and ATP, Experiment 6) and +8% (iodoacetate, 
Experiment 4). To obtain KCN at pH7 to 8, HCl was cautiously 
added in Experiment 4, and phosphoric acid in Experiment 5. 
Visual comparison of the volume of a ferric ferrocyanide pre- 
cipitate before and after neutralization indicated that the loss of 
cyanide ions due to the addition of acid was small. 






































Experiment 1 | ya | 3° | 4¢ 5¢ 6¢ 
Actual specific activity (c.p.m. per mg of RNA) 
T, 22914| 21144) 26774 2283) 2206 | 1682 
Tterminal (control) 621 445 | 1373 | 1116) 1018 960 
Addition Final specific activity (% of control) — 
H;0 (control) 100 | 100 | 100 | 100! 100 | 100 | 100 
Dinitrophenol (so- 163 | 133 | 149 119 | 140 | 141 
dium) 
KCN, pH 11 40 | 73 | 854 25 | 56 
KCN, pH 7-8 88 | 100 | 94 
Potassium iodoace- 129 111 98 | 99 | 109 
tate | | 
Sodium fluoride 148 | 105 | 129 88 | (114) | 117 
Sodium malonate | 97 | 92/107 | 84| 82 92 
ATP | 504 | 49 | 50 
AMP 644 | | 64 
Adenosine | 101¢ | 101 
Citrate 63 47 | 51] 54 
Versene | 


134 | 1164; 89) 103 111 


@ Incubated for 45 minutes. 
> Incubated for 10 minutes. 
© Incubated for 10 minutes. All values represent averages of 

duplicate flasks with the exception of sodium fluoride (indicated 

by parenthesis). In general, duplicate values were within +5% 
of the average. 

4 Averages of duplicate flasks. 
were within +5% of the average. 


In general, duplicate values 
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incubation (Fig. 1) raises the important question whether this 
release in vitro has any relation to possible transfer of RNA from 
the nucleus to the cytoplasm in vivo. If it could be shown that 
energy is required for the release in vitro, then a strong case for 
the relation to events in vivo could be developed. However, 
nuclear RNA labeled in vivo with orotic acid-6-C™ is released 
from nuclei without any apparent energy or substrate require- 
ment when nuclei are incubated in sucrose alone. With the 
use of nuclei labeled in vivo with adenine-8-C™ it may be seen 
in Fig. 1 that the dotted line representing the release of nuclear 
RNA in sucrose is very similar to the release observed when a 
complete mixture of substrates and cofactors for glycolysis and 
oxidative phosphorylation are present. 

It is known from other studies* that there is an extensive 
hydrolysis of RNA as well as release. In the present work, 
where factors affecting only the release were studied, it was 
desirable to suppress the hydrolytic reaction. LePage (10) 
showed that hydrolysis could partially be prevented by ATP 
and systems which generated ATP. It was for this reason that 
the cytoplasmic fraction as well as cofactors and substrates were 
added to the incubation mixture in the experiments described 
below. 

The effect of adding various inhibitors to the complete system 
is shown in Table I. The highest values for the “final specific 
activity” were observed for dinitrophenol where the values of 
nuclear RNA after incubation averaged 140% above those of 
the control. In Experiment 5, for example, where the control 
value after incubation was 1018 ¢.p.m. per mg of RNA, the 
value with dinitrophenol was 1424. Thus, it is clear that 
dinitrophenol in some way markedly inhibits the release of RNA 
from the nuclei. 

A second striking effect is the stimulation of release by the 
addition of KCN (added as an unneutralized aqueous solution 
at pH 11) where the average final specific activity of nuclear 
RNA was only 56% of the control. 

When the strong stimulation of release was observed, it ap- 
peared possible that the alkaline pH of the unneutralized KCN 
solutions (pH 11) might be responsible rather than any inhibitory 
effect on electron transport and energy production. When the 
KCN was neutralized before use, the stimulation of release 
almost disappeared, and the values were 94% of the control. 
These data indicate that KCN at neutral pH does not stimulate 
the release of nuclear RNA, although it is presumably just as 
active in inhibiting hydrogen transport and energy production. 
In addition, in two other experiments, concentrations of 0.002 m 
and 0.005 m KCN (pH 11) were used and nuclear RNA after 
incubation with these concentrations of KCN had values which 
were 101 to 110% of the controls. 

It can also be seen from Table I that other inhibitors of glycol- 
ysis and the tricarboxylic acid cycle (iodoacetate, fluoride, and 
malonate) gave average values for the final specific activity which 
ranged from 92 to 117% of the control. In view of the large 
variation from experiment to experiment, these values do not 
indicate significant stimulation or inhibition. Considering the 
high concentrations used (0.01 M), the results probably mean 
that these inhibitors have no effect on the release of nuclear 
RNA from the nucleus in vitro. 

In spite of the failure of other inhibitors of ATP production 
to inhibit release, it still seemed possible that part of the marked 
inhibition observed for dinitrophenol might be due to prevention 


3C. Scholtissek and V. R. Potter, unpublished results. 
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of ATP formation. Accordingly, the effect of ATP itself was 
tested, and it was found that ATP did indeed stimulate the 
release so that the final specific activity of nuclear RNA after 
incubation with ATP was only 50% of the controls. Adenosine 
had no effect on the release (101% of the control), but AMP (in 
one experiment) also stimulated the release (64% of control). 
It is known that AMP is rapidly phosphorylated to ATP by the 
incubation medium used (1) so the effect of AMP may have 
been due to phosphorylation to ATP. 

The effect of ATP was examined in more detail as shown in 
Fig. 2 where the final specific activity of nuclear RNA is plotted 
against the concentration of ATP. The effect of small amounts 
of ATP on the release is very marked, and even at the 0.4 mm 
concentration used in the standard incubation mixture, the 
release is strongly stimulated. 

There are several points in connection with this effect of ATP 
that should be noted. Table II shows clearly that the specific 
activity of the cytoplasmic RNA is not diluted by the ATP. 
Instead, the ATP stimulates the release of highly radioactive 
RNA from the nucleus to the cytoplasm, and the resulting 
cytoplasmic RNA has a higher specific activity when ATP is 
present at high concentrations (10 mm) than when it is added in 
trace amounts (0.4 mm). This result shows that the nuclear 
RNA is not being degraded to molecules as small as nucleotides 
which would be diluted with nonradioactive ATP (or nucleotides 
derived from it) before reincorporation into the cytoplasmic 
RNA. The possibility of breakdown to small units which would 
pass out of the nucleus and be reused for synthesis in the cyto- 
plasm seems even more remote when the very short (10 minutes) 
incubation period is considered. 

The stimulation of release by ATP might be due to the removal 
of magnesium by the formation of a complex between ATP and 
magnesium (11, 12). A number of workers have shown that 
magnesium and calcium cause ribonucleoprotein complexes to 
aggregate and precipitate (13-15) and that magnesium or 
calcium is probably required to hold the chromosomal structure 
together (16, 17). It is possible that small ribonucleoprotein 
particles associated with the nucleus or the chromosomes are 
held in place by magnesium and that when the magnesium is 
removed by complex formation, the nucleoprotein particles are 
released to the cytoplasm. The effect of cyanide at alkaline pH 
might be explained on the basis of a basic magnesium cyanide 
complex which would not form at a more neutral pH. 

The hypothesis that the release of nuclear RNA could be 
stimulated by removing magnesium was tested by adding two 
chelating agents, Versene (ethylenediaminetetraacetic acid) and 
citrate. The results in Table I show that citrate was indeed 
as active as ATP in stimulating the release of nuclear RNA to the 
cytoplasm since the final specific activity was 54% of the control. 
However, Versene failed to have any stimulatory effect on the 
release in three out of four experiments. In fact, the results 
obtained with Versene cannot be considered to be significantly 
different from the control values because of the large variation 
from experiment to experiment. If some complex does exist 
between magnesium and ribonucleoprotein, then the strength 
of that complex will determine whether it can be broken by the 
addition of a second complex-forming agent or not. Therefore, 
the effect or lack of effect of a chelating agent may be due to 
differences in the association constants of the magnesium com- 
plexes. 

To test directly whether the magnesium concentration affects 
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Fig. 2. The effect of ATP on the release of nuclear RNA from 
the nucleus. Conditions were identical to those in Table I, except 
that ATP was omitted from the standard mixture. The addition 
was a freshly prepared and neutralized solution of ATP. The 
incubation time was 10 minutes. 





TaBLe II 
Effect of ATP on specific activity of nuclear and cytoplasm RNA 
Experimental conditions were the same as in Table I. Con- 
centrations of ATP were 0.4 mm for “low’’ ATP and 10 mm for 
“high” ATP. 





| Specific activity of RNA 





Low ATP High ATP 

c.p.m./mg c.p.m./meg 
Nuclei 1412 700 
1334 705 
Cytoplasm 404 651 
446 2 | —séG17 


the release, the concentration of magnesium in the incubation 
medium was varied. The results are shown in Fig. 3 where it 
may be seen that more radioactive RNA was released from the 
nucleus at low magnesium concentrations and that increasing 
the concentration of magnesium inhibited the release. It has 
also been observed that the release of radioactive nuclear RNA 
(labeled in vivo by injection of radioactive orotic acid) is inhibited 
by the addition of calcium chloride to the incubation medium.’ 

These results do provide some evidence that the RNA released 
from the nucleus may be in the form of ribonucleoprotein particles 
held together by divalent cations (calcium and magnesium). It 
would be premature to speculate, however, whether this nucleo- 
protein comes from particles which become accidentally asso- 
ciated with the nucleus during homogenization and centrifuga- 
tion, from particles actually associated with the nucleus in vivo, 
or from structures such as the chromosomes or the nucleolus 
within the nucleus. It is of interest to note that KCN causes 
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Fia. 3. The effect of magnesium concentration on the release of 
nuclear RNA from the nucleus. Conditions were the same as in 
Table I except that magnesium was omitted from the standard 
incubation mixture and was added separately to each flask. The 
specific activities of the cytoplasmic RNA and nuclear RNA were 
determined after incubation of the reconstituted homogenate 
with each concentration of magnesium for 10 minutes. 
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Fig. 4. The effect of temperature on the release of radioactive 
RNA from the nucleus. Conditions are the same as in Table I, 
except that water was the only addition. Flasks were incubated 
with constant shaking for 10 minutes at the temperatures indi- 
cated. 


the chromosomes to uncoil (18-20) and that Versene and citrate 
sause disintegration of chromosomes (16, 17). 

The effect of temperature on the release of nuclear RNA was 
examined by incubating flasks at different temperatures as 
shown in Fig. 4. It may be seen that the release does not begin 
until temperatures over 20° have been reached. This effect 
might be due to some enzymatic action or other physiological 
phenomena or to the change of some lipoidal material forming 
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complexes with the ribonucleo-protein from the solid state to the 
liquid state at about 20°. 


SUMMARY 


Nuclei isolated from a liver homogenate of a rat given an 
injection of adenine-8-C™“ 2 hours before it was killed contain 
highly labeled nuclear ribonucleic acid. When these are com- 
bined with an unlabeled cytoplasmic fraction and incubated in 
0.25 m sucrose with or without cofactors and substrates for oxida- 
tive phosphorylation, part of the radioactive nuclear ribonucleic 
acid leaves the nuclei and the remaining nuclear ribonucleic 
acid has a much lower specific activity than before incubation. 
This finding supports the concept of two types of ribonucleic 
acid in isolated nuclear fractions. 

High concentrations of fluoride, malonate, cyanide (at neutral 
pH), and iodoacetate do not significantly inhibit or stimulate 
the release, thereby indicating the lack of an energy requirement. 
Adenosine triphosphate, KCN (at alkaline pH), and citrate 
stimulate the release, as does the removal of magnesium from 
the incubation medium. These results indicate that magnesium 
ions prevent the release. Ethylenediaminetetraacetate and 
KCN (at neutral pH) did not stimulate the release. The re- 
lease occurs only at temperatures above 20°. 
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A deoxyribonucleic acid-synthesizing enzyme (polymerase) has 
been isolated and partially purified from the soluble fraction of 
calf thymus gland (1, 2). This enzyme is similar to the bac- 
terial enzyme isolated by Lehman et al. (3) in that it requires all 
four deoxynucleoside triphosphates, magnesium ion, and “pri- 
mer” deoxyribonucleic acid for activity (4). The enzyme has 
been purified to the extent that net synthesis of polymer has 
been achieved (2). 

One of the most intriguing aspects of this synthesis is the na- 
ture and detailed function of the DNA primer. The present 
communication demonstrates a thermal conversion of nonprim- 
ing, presumably “native” DNA’s to priming DNA, and includes 
a rapid method for assaying the amounts of polymer formed in 
polymerase reactions. 


EXPERIMENTAL 


The enzyme was prepared from calf thymus gland! and had 
a specific activity of 40 mumoles of deoxy-GMP® incorporation 
per hour per mg of protein (i.e. about 160 myumoles of total 
nucleotide per hour per mg of protein). Four DNA prepara- 
tions were used. (a) A commercial (California Corporation for 
Biochemical Research) preparation from salmon sperm (5), used 
for routine assays in the purification of calf thymus polymerase. 
(6) A commercial (Worthington) preparation from calf thymus 
prepared by the method of Mirsky and Pollister (6). (c) A calf 
thymus DNA prepared by a modification? of the method of Kay 
et al. (7), kindly provided by Dr. E. Volkin. (d) A preparation 
of T2 bacteriophage DNA, prepared from purified T2 bacterio- 
phage (8) by a modification? of the Kay et al. (7) procedure, also 
provided by Dr. E. Volkin. 

All DNA samples were dissolved in distilled water, final pH 
6.8, and were stored at —20°. Each sample was diluted with 
water to approximately 2 mg per ml and an aliquot was placed 
in a stoppered tube for heating at 99° for 10 minutes. After 
heating, the samples were cooled in an ice bath for about 20 
minutes and then tested in the calf thymus polymerase system 
(Fig. 1). 

Deoxynucleoside triphosphates were synthesized by the 
method of Smith and Khorana (9). Deoxyguanylic acid-P* was 
prepared from Escherichia coli DNA (cf. 10) and phosphorylated 
to the triphosphate level with a rat liver enzyme (11). 

A slight modification of the ‘‘acid insoluble” assay used by 
Friedkin and Wood (12) and Kornberg et al. (13) is used to 


*Operated by Union Carbide Nuclear Corporation for the 
United States Atomic Energy Commission. 

‘Fraction D of the author’s unpublished procedure. 

* Referred to as ‘“‘Volkin via KSD”’ in Fig. Ic, d. 
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follow the polymerase reaction. From small reaction mixtures 
(0.25 ml) containing the DNA to be tested and incubated under 
conditions such as those described in Fig. 1, 25-yl aliquots are 
taken at various times and placed on 3-inch numbered filter 
paper disks. The disks are then dropped into a beaker contain- 
ing cold 5 per cent trichloroacetic acid. Any number of disks 
can be dropped into the same beaker, a volume of 10 ml of 
protein precipitant being provided for each disk. After a mini- 
mum precipitation time of 5 minutes, the trichloroacetic acid is 
aspirated from the beaker and the disks are washed twice by 
swirling with 5 per cent trichloroacetic acid. Residual trichloro- 
acetic acid and water are removed by washing with 95 per cent 
ethanol. The disks are then picked out with a forceps and placed 
on a paper towel to dry, or dried immediately in a warm air 
draft. The process washes out at least 99.95 per cent of the 
P*-nucleotide from nonincubated control samples. The radio- 
activity remaining on the paper disk is deoxynucleotide-P™ 
incorporated into DNA and is counted directly. 

This modification of the “acid insoluble” method provides an 
inert suspending medium with a large surface area over which 
the DNA-protein precipitate is distributed for efficient washing. 
The method is quite rapid as it reduces the individual manipula- 
tions involved in centrifuging, resuspending, and plating to the 
one manipulation involved in placing the sample on the disk. 
Fifty to 100 samples can be worked up conveniently at one time, 
and they are ready for counting 30 minutes after the last disk 
is dropped into the trichloroacetic acid. 


RESULTS 

A rather disturbing observation made early in the fractiona- 
tion of calf thymus polymerase was that a “‘native’’ DNA from 
calf thymus would not prime the reaction, whereas a DNA 
preparation of rather low viscosity from salmon sperm was very 
effective. Lehman (14) has reported that heating calf thymus 
DNA 10 minutes at 100° doubles the rate of DNA synthesis by 
E. coli polymerase. Since the EF. coli polymerase will utilize 
unheated, initially native DNA preparations (3), although with 
considerable lag period (14), it has not been possible so far to 
make an absolute distinction between native and partially de- 
graded DNA in the E. coli system. 

Fig. 1 shows the results obtained with calf thymus polymerase 
and the DNA preparations described above, before and after 
heating. In the lower curve of Fig. la is shown the priming 
activity of (presumably) unheated salmon sperm DNA. Only 
a slight (1.5-fold) stimulation of priming activity is observed 
after heating for 10 minutes at 99°. The lower curve of Fig. 1b 
shows, however, that a calf thymus DNA (Worthington, via (6)) 
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Fic. 1. Reaction mixtures were identical except for the DNA 
component. All contained 25 mymoles each of deoxycytidine 
triphosphate, deoxyadenosine triphosphate, and thymidine tri- 
phosphate; 15.5 mumoles of deoxyguanosine triphosphate (labeled 
with P** in the ester phosphate, specific activity 3.07 X 10° c.p.m. 
per pmole) ; 2 umoles of MgCl.; 10 umoles of potassium phosphate, 
pH 7.0; 0.25 umole of mercaptoethanol, and 120 ug of enzyme 
protein. The primer component was 125 wg of salmon sperm 
DNA (the question mark indicates the uncertainty concerning 
the manufacturer’s statement that “certain less gentle modifica- 
tions” are used in the preparative procedure) in (a), 88 ug of 
calf thymus DNA (Worthington) in (6), 88 wg of calf thymus 
DNA (Volkin)? in (c), and 61 wg of T2 bacteriophage DNA? in 
(d). The final volume of 0.25 ml was incubated at 35°. 


preparation is almost devoid of priming activity before being 
subjected to thermal activation (upper curve, Fig. 1b). The 
increase in polymerization rate is of the order of 46-fold (1 hour 
values being taken as a measure of rate). Figs. le and 1d pro- 
vide further indication of the very slight priming activity of two 
native DNAs, from calf thymus (Volkin, via (7)) and T2 bac- 
teriophage (Volkin, via (7)), and again the marked (8- and 5-fold 
respectively) stimulation of priming after brief heat treatment. 
The total reaction obtained was roughly the same for all of the 
heated preparations (7 to 10 mumoles) and corresponds to 45 to 
66 per cent utilization of the labeled deoxyguanosine triphosphate 
supplied. 


DISCUSSION 


From the results presented in Figs. la to d, two conclusions 
can be drawn. First, calf thymus polymerase (although far 
from pure and considerably less active than the EZ. coli polymer- 
ase) does not exhibit enzyme activity capable of converting non- 
priming DNA to primer DNA.° This enzyme therefore provides 
an adequate test for the priming function of a DNA preparation. 


*This statement should not be interpreted as meaning the 
enzyme is free from all nuclease. 
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The second conclusion is that primer DNA may be formed by 
thermal activation of “native” DNA preparations. 

It is suggested that priming activity may be a significant bio. 
chemical test for what is currently termed “denatured DNA.” 
A question of semantics is also raised, since certain DNA’s 
which are unquestionably native, notably DNA from @X-174 
coliphage (15), have the properties of denatured DNA and do 
not require thermal activation to give maximum priming with 
E. coli polymerase (14). An answer to the question of what is 
really native and what is really denatured is not obvious, unless 
one is willing to consider the enzymatic synthesis of polydeoxy- 
nucleotide material in vitro as an unnatural phenomenon. 

If primer DNA is actually single stranded DNA and if the 
synthetic reaction produces double stranded (native) molecules, 
then the idealized reaction should cease when the primer DNA 
has been doubled in amount. DNA increases of greater than 
2-fold would be possible only with enzyme systems containing 
nucleases capable of converting native (two-stranded, nonprim- 
ing) DNA to denatured (single-stranded, priming) DNA. Since 
calf thymus polymerase alone does not activate nonpriming DNA 
it will be of considerable interest to see if such a reaction limit 
is demonstrable after further purification. 

Among the many experiments possible in a system that dis- 
tinguishes so clearly between primer and nonprimer DNA prep- 
arations is the correlation of primer activity with the physical 
properties of such preparations, as reported by Zamenhof et al. 
(16), and Rice and Doty (17). Other possible lines of experi- 
mentation include resynthesis of transforming activity with 
heat-inactivated transforming DNA as primer. 


SUMMARY 


“Native” deoxyribonucleic acid preparations that are inactive 
as primers in the polymerization of deoxynucleoside triphosphates 
by calf thymus polymerase become primers after heating for 10 
minutes at 99°. 
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The net synthesis of deoxyribonucleic acid by a highly puri- 
fied enzyme from Escherichia coli requires the presence of four 
deoxyribonucleoside triphosphates (1). Omission of any one of 
the four (d-thymidine-, d-adenosine-, d-cytosine-, d-guanosine 
triphosphate)! diminishes the rate of synthesis to approximately 
1% of that of the complete system. Assuming that this purified 
system reflects the biosynthetic pathway of the intact cell, it 
would seem possible to control the rate of deoxyribonucleic acid 
synthesis, and hence cell division, by controlling the supply of 
any one of the deoxyribonucleoside triphosphates. This possi- 
bility is supported by the statement of Mantsavinos and Canella- 
kis (2) that extracts of rat liver can phosphorylate only three of 
the deoxyribonucleotides, (d-adenosine-, d-cytosine-, and d-gua- 
nosine triphosphate) to the corresponding triphosphate deriva- 
tives, whereas regenerating liver can also convert d-thymidine 
monophosphate to d-thymidine triphosphate. 

The experiments reported in this paper were originally designed 
to determine whether or not the ability of cells to phosphorylate 
deoxyribonucleotides was related to changes in growth rate. E. 
coli was selected instead of liver since it is possible to measure 
widely different growth rates during the growth cycle of a single 
bacterial culture. It was found that no measurable changes in 
the deoxyribonucleotide kinase activities occurred over widely 
different growth rates. 

The observations that EZ. coli infected with bacteriophage form 
specific new proteins essential for deoxyribonucleic acid synthe- 
sis (3, 4) prompted an investigation of the enzyme pattern pro- 
duced in infected cells. It was found that striking increases 
occurred in the deoxyribonucleotide kinases, and that the pattern 
of these changes was specific for the type of infecting bacterio- 
phage. 


EXPERIMENTAL 


Materials 


Deoxyribonucleoside monophosphates were purchased from 
the California Corporation for Biochemical Research. Deoxy- 
tibonucleoside monophosphates labeled with P® were isolated by 
enzymatic digestion of DNA prepared from E. coli grown on a 
synthetic medium containing P®-labeled inorganic orthophos- 
phate (5). E. coli B was obtained from Dr. 8S. Goodgal and 
was maintained on nutrient agar slants. Bacteriophage seed 


* Contribution No. 264 of The McCollum-Pratt Institute. 
This investigation was supported in part by a grant (No. C-4088) 
from the National Cancer Institute, National Institutes of Health. 

1 The abbreviations used are: d, in combination with standard 
abbreviations deoxy; Tris, tris(hydroxymethyl)aminomethane. 
The T-even bacteriophages refer to bacteriophages T2, T4, and T6. 
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cultures of T2r+ and T5 were generously provided by Dr. Philip 
E. Hartman; T3, T6r*+, and T7 by Dr. Roger Herriott; and 
T4r+ by Dr. C. A. Thomas, Jr. 


Methods 


Analytical Procedures—Measurements of radioactivity were 
made in a gas flow counter with approximately 50 per cent effi- 
ciency for P®. Bacterial cell titers were determined from tur- 
bidity measurements in a Beckman model DU spectrophotom- 
eter at 660 my. A calibration curve based on direct cell counts 
in a Petroff-Hausser bacteria counter showed the optical density 
to be proportional to the concentration of EZ. coli up to 9.3 « 108 
cells per ml, the latter giving a reading of 0.300. Bacteriophage 
titers were obtained by the agar layer technique (6). Protein 
was determined by the procedure of Lowry et al. (7) with crystal- 
line bovine plasma albumin as the standard. 

Growth of E. coli—E. coli cells were grown at 37° in the C 
medium of Roberts et al. (8) containing 0.02 m glucose as the 
energy and carbon source in flasks equipped with sintered glass 
aeration tubes throughout these experiments. For experiments 
with bacteriophages T4 and T5, the medium was supplemented 
with 1 X 10-‘m L-tryptophan and 1 x 10-* Mm CaCl, respectively 
before infection. In most experiments, the medium was inocu- 
lated with log-phase bacteria to give a final concentration of 
approximately 1 xX 10? cells per ml of C medium at the start of 
incubation. In the experiment on the measurement of enzyme 
levels during different phases of growth of E. coli it was neces- 
sary to use a much larger inoculum in order to be able to get 
enough material to analyze in the early period of growth. For 
this experiment, 1 liter of C medium was inoculated with a 12- 
hour culture of EF. coli to give a final concentration of 3 x 108 
cells per ml. The culture, in a 4-liter flask, was shaken at 30° 
and aliquots were removed for measurement of enzyme activity 
in extracts prepared as described below. 

Infection with Bacteriophage and Preparation of Extracts—To 
cultures of E. coli grown to a density of 6 X 108 cells per ml were 
added enough bacteriophage particles to give a multiplicity? of 
3 to 5. At zero time and various times after infection, 50-ml 
aliquots were removed and chilled to 0°. The samples were 
cooled to less than 5° within 30 seconds after removal of the 
aliquot by rotating the flask in a dry ice-ethanol mixture. All 
subsequent operations were performed at 0-4°. The cell sus- 
pension was centrifuged at 5000 x g for 10 minutes, the super- 
natant fluid was discarded, and the resulting bacterial pellet 
suspended in 8.0 ml of 0.5% KCl + 0.5% NaCl. This was fol- 


* The multiplicity is defined as the ratio of bacteriophage par- 
ticles to bacteria. 
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Fia. 1. Measurement of deoxyribonucleotide kinase activities 
during the growth of E. coli. @---@ shows the growth of a cul- 
ture of EF. coli. At the indicated times, aliquots were removed 
and analyzed for deoxyribonucleotide kinase activity as de- 
scribed under “Methods.’”” O——O, dTMP kinase; A——A, 
dGMP kinase; @——@, dAMP kinase; A——A dCMP kinase. 


lowed by recentrifugation and resuspension of the pellet in 1.0 
ml of 0.02 m Tris buffer at pH 7.5. The washed bacteria were 
disrupted by sonic oscillation at maximum output for 10 minutes 
in a Raytheon 10 ke. magnetostrictive oscillator, model DF 101, 
in 10 ml Lusteroid tubes* suspended in approximately 30 ml of 
water in the sonication chamber. The sonicated mixture was 
centrifuged at 6000 x g for 10 minutes and the supernatant fluid 
was used for the measurements of enzyme activity. 

Assay of Deoxyribonucleotide Kinases—This assay, which de- 
pends on the conversion of a substrate sensitive to phosphomono- 
esterase (nucleoside monophosphate) to a product insensitive to 
phosphomonoesterase (nucleoside di- or triphosphate) has been 
described in detail by Lehman et al. (5). The reaction mixture 
for all the experiments reported in this paper contained ATP 
(0.60 umole); Tris, pH 7.5 (20.0 umoles); MgCls (3.0 umoles); 
enzyme (0.03 to 0.15 unit); and P*-labeled deoxyribonucleotide 
(15 mumoles, 0.2 to 1.0 * 10° ¢.p.m. per umole) in a final vol- 
ume of 0.25 ml. For the experiment involving ion exchange 
chromatography of the reaction products, the specific activity 
of dTMP® was 4.5 X 107 ¢.p.m. per umole. Incubations in all 
experiments were for 20 minutes at 37°, and the assay was com- 
pleted as described by Lehman et al. (5). 

For deoxyguanylate, deoxycytidylate, and thymidylate ki- 
nases, a unit of enzyme is that amount catalyzing the formation 
of 0.10 umole of phosphorylated nucleotide per hour. Since the 
concentration of deoxyadenylate kinase is from 10- to 20-fold 
higher than the other three kinases in uninfected E. coli, a unit 
of this enzyme is defined as that amount which converts 1.0 
umole per hour. The specific activity is defined as the units of 
enzyme per mg of protein. 


RESULTS 


Deoxyribonucleotide Kinase Activities During Growth Cycle of 
E. coli—The relationship of the rate of cell growth to the con- 
centration of deoxyribonucleotide kinase activity was investi- 

ated by measuring the specific activity of the kinases at differ- 
ent times during the growth cycle. The curves in Fig. 1 


3 Approximately 1 out of 6 tubes leaked during the sonic treat- 
ment. This could be completely avoided by dipping the tubes 
into acetone for 10 seconds followed by a 1-hour drying period and 
a second dipping into collodion (Merck). 
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demonstrate that no changes in specific activity occur for any 
of the enzymes, although enzymatic activities were determined 
during phases of the growth cycle in which the cell populations 
had widely different growth rates. 


Enzyme Levels in Cells Infected with Bacteriophages 


1. Infection with T2, T4, or T6—When E. coli cells were in- 
fected with the T-even bacteriophages (T2, T4, T6), a rapid 
increase in deoxyguanylate and thymidylate kinase activity was 
observed, as evidenced in Fig. 2. In contrast to the 10- to 25- 
fold increases in these two enzymes, the corresponding kinases 
for deoxycytidylate and deoxyadenylate showed no change in 
specific activity after infection with bacteriophage. Similar 
patterns were observed when EL. coli were cultured and infected 
with T2 in nutrient broth instead of the usual synthetic medium 
(C medium). 

The precise time after infection at which kinase activity began 
to increase cannot be inferred from the data presented (see 
*‘Discussion’”’), but in each case significant increases were ob- 
served by 6 minutes. 

2. Infection with T3 or T?7—Bacteriophages T3 and T7 differed 
markedly from the T-even series in that they caused no increases 
in any of the deoxyribonucleotide kinases in infected cells (Fig, 
3). The failure to evoke a response could not be attributed to 
a faulty infection since the cultures lysed yielding normal titers 
of the respective bacteriophage. 

3. Infection with T5—Since T5 adsorbs slowly to E. coli, even 
in the presence of calcium ions (9), the general procedure for 
infection was modified in order to be certain that the percentage 
of infected bacteria was not changing during the time aliquots 
were being taken for enzyme measurements. This was accom- 
plished by infecting the bacteria in a medium containing 2.0 
umoles of glucose per ml, an amount predetermined to cause 
cessation of growth when the concentration of cells reached 
approximately 6 xX 108 per ml. To this static culture were 
added enough T5 to give a ratio of 4 bacteriophage particles 
per bacterium and enough CaCl, to give a final concentration 
of 1.0 X 10-*m. The culture was aerated at 37° for 45 minutes 
during which time no changes in bacterial cell density occurred. 
At this point, an aliquot was removed for assay of the number 
of infected bacteria (which was later determined to be greater 
than 95%) and excess glucose was added to the culture. The 
addition of glucose was taken as zero time of infection, and the 
data for kinase production are shown in Fig. 4. The results of 
infection with T5 are similar to those observed with the T-even 
bacteriophage in respect to the marked increase in the specific 
activities of deoxyguanylate and thymidylate kinase. They 
differ in one noteworthy respect, however, and that is the con- 
comitant 6-fold increase in the specific activity of deoxycytidyl- 
ate kinase. None of the other bacteriophages tested caused 
significant changes in deoxycytidylate kinase. That this in- 
crease is not due to the special conditions used for this infection, 
i.e. starvation on glucose, is attested to by the observation that 
cells infected with T5 by the usual procedure also show this 
marked increase. 

Effect of Mixed Extracts on Thymidine Triphosphate Formation 
—It was of interest to see whether normal E. coli contained rela- 
tively large amounts of the deoxyribonucleotide kinases in 4 
sequestered form which were activated upon bacteriophage in- 
fection. As an approach to this question, extracts of E. coli 
prepared at zero time of infection were mixed with extracts pre- 
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pared 20 minutes postinfection to see whether a synergistic 
effect could be observed. The data in Table I indicate that 
within experimental error, the result of mixing the two extracts 
is equivalent to the sum of the individual extracts. The data 
also indicate that the assay was capable of detecting increases 
in enzymatic activity since the quantity of dTTP formed was 
proportional to the amount of extract added. 

Effect of Chloramphenicol on Thymidylate Kinase in Bacterio- 
phage-Infected Cells—The ability of chloramphenicol to inhibit 
protein synthesis (10) was used as a means of determining 
whether the increased activity of thymidylate kinase in bac- 
teriophage-infected cells was dependent on the synthesis of new 
protein in the infected cell. 

In this experiment, two cultures of Z. coli were grown under 
the usual conditions and were infected with bacteriophage T2. 
One culture received chloramphenicol at a final concentration 
of 0.10 wmole per ml immediately after infection. Aliquots 
were withdrawn from both cultures immediately and at 10 and 
20 minutes and assayed for thymidylate kinase activity as de- 
scribed under “Methods.” The results shown in Fig. 5 indicate 
that no increase in thymidylate kinase activity occurred in the 
culture containing chloramphenicol, whereas 12- to 14-fold in- 
creases were observed in the control flask. 

Distribution of Products Between dTMP, dTDP, and dTTP 
under Conditions of Assay—The assay used to measure deoxy- 
ribonucleotide kinase activity does not distinguish between 
deoxyribonucleoside diphosphates and deoxyribonucleoside tri- 
phosphates. Both of these derivatives are resistant to semen 
phosphomonoesterase and hence both are measured. In order 
to determine which of these was formed in extracts of bacterio- 
phage-infected cells under assay conditions, the products of a 
typical reaction were identified by ion exchange chromatography. 
The reaction mixture, containing an amount of enzyme calcu- 
lated to phosphorylate less than 30% of the substrate, was 
incubated for 20 rainutes and then heated at 100° for 2 minutes. 
After cooling to room temperature, ATP was oxidized by the 
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Fic. 2. Deoxyribonucleotide kinase activities after T2, T4, or T6 infection. 
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Fia. 3. Deoxyribonucleotide kinase activities after T3 or T7 
infection. O——O, dTMP kinase; A——A, dGMP kinase; 
@——®@, dAMP kinase; A——A, dCMP kinase. 


addition of 1.0 ml of 0.10 m sodium periodate for 1 hour at 25°. 
Then 0.05 ml of 2.0 m glucose was added to consume the excess 
periodate. After 30 minutes at 25°, the mixture was adjusted 
to pH 10 by the addition of 0.10 ml of 1.0 m glycine buffer, pH 
10.1, and 1 drop of 5.0 N KOH. The mixture was incubated at 
37° for 16 hours. In this procedure (11), periodate oxidizes ATP 
to a dialdehyde derivative which is cleaved to free adenine in 
alkali. The reaction mixture was subjected to this procedure 
in order to convert the excess ATP to free adenine since residual 
ATP would overlap dTDP during the subsequent chromatog- 
raphy. To the reaction mixture were added approximately 1 
umole each of nonradioactive dTMP, dTDP, and dTTP as 
markers for ultraviolet measurements in following the chroma- 
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Fia. 4. Deoxyribonucleotide kinase activities after T5 infec- 
tion. O——O, dTMP kinase; A——A, dGMP kinase; @——®, 
dAMP kinase, A A, dCMP kinase. 
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Effect of mixed extracts on thymidine triphosphate formation 
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* Control refers to an extract prepared from an aliquot of the 
culture taken immediately after infection with bacteriophage T2. 
Infected refers to an extract prepared from an aliquot of the same 
culture taken 20 minutes after infection. 

+ Figures in parentheses are the calculated values assuming no 
interaction of the extracts. 
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Fia. 5. Effect of chloramphenicol on thymidylate kinase forma- 
tion. At zero time, three T2 particles were added per bacterium 
and to one tube (O——O) chloramphenicol (1.0 umole per ml) 
was also added. 


tography, and the mixture was added to a column of Dowex 
1-chloride, 15 X 0.5 cm. The distribution of radioactivity is 
recorded in Fig. 6. Of the radioactivity added to the column, 
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26% was recovered as dTTP, and 3 per cent was recovered ag 
dTDP. Thus, 90 per cent of the phosphorylated dTMP was 
in the form of dTTP. 


DISCUSSION 


The experiments with normal cells indicate that the levels of 
deoxyribonucleotide kinases remain relatively constant through- 
out the growth cycle of cultures of E. coli. This is true, not 
only for dAMP, dCMP, and dGMP kinases which are reported 
to be present in both normal and regenerating rat liver (2), but 
also for dTMP kinase which is reported to be present in re- 
generating but not in norma] rat liver (12). If the phosphoryla- 
tion of a deoxyribonucleotide is the rate-limiting step in DNA 
synthesis, it might be expected that the specific activity of at 
least one of these enzymes should have been substantially higher 
in extracts of cells from the logarithmic phase of growth than 
in lag-phase or stationary cells. 

In marked contrast to these relatively static enzyme levels in 
normal cells, are the 10- to 20-fold increases in specific activity 
of dTMP and dGMP kinases upon infection with the T-even 
bacteriophages. The fact that under these same conditions no 
increase in (CMP kinase was noted is of particular interest since 
the T-even bacteriophages do not require dCTP for their DNA, 
but instead need hydroxymethyl dCTP (13). Pertinent here ig 
the observation by Zimmerman et al. (14) and Somerville and 
Greenberg (15) that there is a rapid production of a new enzyme 
in T2-infected E. coli which specifically phosphorylates hydroxy- 
methyl dCMP to hydroxymethyl dCTP. Thus the need for a 
dCMP kinase is eliminated on T-even bacteriophage infection, 
dAMP kinase is already present at levels 10- to 20-fold higher 
than the other kinases in uninfected cells. Since both dGMP 
and dTMP kinase increase about 20-fold after infection, these 
three enzymes are all approximately at the same level. It ap- 
peared that the bacteriophage induced the formation of just 
those kinases needed for the synthesis of its DNA. This is even 
more strikingly seen in the kinase levels of T5-infected cells. 
The DNA from bacteriophage T5 contains the usual base cyto- 
sine instead of hydroxymethyleytosine (13) and it was demon- 
strated that in this case (CMP kinase activity increased along 
with dTMP and dGMP kinases. 

In contrast to the other bacteriophages, infection with T3 or 
T7 caused no elevation of any of the kinases tested. The simi- 
larity of these two bacteriophages in several other respects has 
been noted, e.g. immunological evidence (16), size (17), inability 
to elicit multiplicity reactivation (18), and dependence on the 
host for their major DNA complement (19). The fact that T3 
and T7 derive 75% of their DNA from the host as opposed to 
T2, T4, T5, and T6 which derive most of their DNA from small 
molecular precursors (19) may be related to the capability of 
these two groups of virus to stimulate deoxyribonucleotide ki- 
ase activity. It would be of interest to determine, for example, 
whether subunits of DNA were transferred intact from host to 
bacteriophage in T3 and T7 infection; thus eliminating the need 


for deoxyribonucleotide kinases. Alternately, it could be main- 


tained that the differences observed are based on the relative 
rates of synthesis of DNA in cells infected by the two groups of 
Accurate measurements of these rates in all the T bae- 
teriophages will have to be made before correlations can be 
attempted. 

It would appear that the increased activity of the kinases in 
bacteriophage-infected cells was dependent on protein synthesis 
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Fic. 6. Products formed by thymidylate kinase from T2-in- 
fected FE. coli. A reaction mixture incubated under assay condi- 
tions was chromatographed on a Dowex 1-chloride column (0.5 X 


since chloramphenicol, a known inhibitor of protein synthesis 
(10), prevented the increase in dTMP kinase. This suggests 
that the increased activity observed is actually new enzyme 
synthesis and not activation of a latent enzyme. Further sup- 
port for this notion is the observation that extracts of cells pre- 
pared at zero time of infection when mixed with extracts from 
infected cells showed no decreased or more than additive ac- 
tivity suggesting that inhibitors or activators were not present 
in the respective extracts. These experiments are not proof of 
a 20-fold net synthesis of these enzymes but they are in agree- 
ment with this view. The question as to whether the newly 
formed enzyme is the same as the enzyme in uninfected cells, or 
whether it is a different protein with the same activivy remains 
to be answered. 

It would be of interest to determine precisely how soon after 
infection these enzymes start to increase. In these experiments, 
samples taken at 5 minutes were assayed for nonadsorbed bac- 
teriophage (6). From the number of bacteriophage added, the 
number of bacteria present, and the number of bacteriophage 
not adsorbed it could be calculated that in all cases (except the 
special conditions for T5) the number of bacteria infected ex- 
ceeded 95% of the total cell population. However, values of 
enzyme activity before 5 minutes lose their meaning since a 
heterogeneous population of uninfected and infected cells prob- 
ably existed. To delineate carefully the kinetics of the early 
phase of infection, it will be necessary to use special infection 
and sampling techniques. 

Infection of EZ. coli with the T bacteriophages has been ob- 
served to stimulate the formation of several enzymes related di- 
rectly to DNA metabolism. Thus, the original studies of Flaks 
and Cohen (20) have shown that the specific base, hydroxy- 
methyleytosine, is synthesized only in E. coli infected with 
bacteriophages requiring this base for their DNA. Likewise, 
thymine synthetase is formed rapidly in infected cells (21). 
Recently, Zimmerman et al. (14) have observed the formation 
of an enzyme which glucosylates hydroxymethylcytosine-con- 
taining DNA as well as a specific kinase which converts hydroxy- 





15.0 cm). The counts isolated in the dTMP, dTDP, and dTTP 
fractions comprised 55, 3, and 26%, respectively, of the total 
counts put onto the column. 


methyleytidylate to the triphosphate in EZ. coli infected with 
T-even bacteriophages. These same authors, as well as Koerner 
and Smith (22) have demonstrated the formation of an enzyme 
which specifically hydrolyzes dCTP but is inactive against the 
hydroxymethyl analogue. All these enzymes are geared to the 
synthesis of specific types of DNA. The increases in the de- 
oxyribonucleotide kinases reported in this paper are of interest 
because they could also participate in the augmented rate of 
DNA synthesis observed by Cohen (3) in bacteriophage-infected 
cells. Of vital importance to all these studies is the elucidation 
of the triggering mechanism for the formation of all these highly 
specific enzymes. 


SUMMARY 


Measurements of the enzymes (deoxyribonucleotide kinases) 
which phosphorylate the deoxyribonucleotides of adenine, cyto- 
sine, guanine, and thymine in extracts of E. coli have shown 
that the specific activities of these enzymes are independent of 
the growth rate of the bacteria from which they were prepared. 

Infection of exponentially growing cells with members of the 
T-series of bacteriophage produce the following changes in deoxy- 
ribonucleotide kinase levels: 

1. T2r+, T4r+, and T6r+: 10- to 20-fold increases in thymi- 
dylate and deoxyguanylate kinases; no changes in deoxyadenyl- 
ate or deoxycytidylate kinases. 

2. T5: 6- to 10-fold increases in thymidylate, deoxyguanylate, 
and deoxycytidylate kinases; no changes in deoxyadenylate ki- 
nase. 

3. T3 and T7: no changes in any of the kinases. 

Chloramphenicol (1 X 10-* m) added at zero time of infection 
completely prevented thymidylate kinase formation in T2-in- 
fected E. coli suggesting that protein synthesis was necessary 
for the increase in thymidylate kinase activity. 
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Ever since the introduction of paper chromatography to the 
study of porphyrins, many new members other than copropor- 
phyrins and uroporphyrins have been detected in various por- 
phyric materials as well as biosynthetic preparations (1-12). 
However, their low concentration, and unsatisfactory methods 
of isolation and purification have delayed an extensive study of 
these porphyrins. A preliminary study has shown that patients 
with porphyria cutanea tarda excrete relatively more of them. 
This report describes the separation and properties of the hepta-, 
hexa-, and pentacarboxylic porphyrins of both I and III series, 
which have been isolated from urine samples of a cutanea tarda 
patient. The identification of these products may permit a 
better understanding of the metabolism of porphyrins. 


EXPERIMENTAL 


Materials and Methods 


Urine samples used for this study were collected from a female 
patient with porphyria cutanea tarda. Now in her early fifties, 
she has been afflicted for years with the illness. Her symptoms 
are characterized by red patches on skin and bullae or blisters 
all over the upper part of her body including arms and hands 
with some old scars, but no abdominal pains or nervous symp- 
toms. The brownish urine showed a reddish violet fluorescence 
under ultraviolet light and had absorption bands (538, 578 my) 
of metalloporphyrins. Porphobilinogen was found to be absent 
by the method of Schwartz (13), but recent determinations by 
improved methods (14, 15) gave a daily value of 2 to 3 mg versus 
approximately 1 mg for a limited number of normal adults, and 
100 mg or more for a few intermittent acute cases. A daily 
collection of the urine was made without intermission for the 
first 5 weeks early in 1955. Then more samples were collected 
during later periods as shown in Table I. The samples were 
preserved with toluene and kept at 4° before extraction. No 
attempt was made to convert any precursor to porphyrins. 
Total porphyrins in a sample were adsorbed on talc, esterified 
and chromatographed on a Hyflo Super-Cel column according 
to the methods described before (12, 16). The crude porphyrin 
esters were dissolved in a small volume of chloroform and evenly 
adsorbed on a small amount of Hyflo. The uniformity of ad- 
sorption could easily be checked by pressing the sample with a 
spatula to a thin layer to see if the Hyflo particles were evenly 

* This investigation was supported by Research Grant A-1000 


C8) from the National Institutes of Health, United States Public 
Health Service. 
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colored. The dried sample was then introduced onto a packed 
Hyflo column, followed by another layer of plain Hyflo. A 
column 18 X 3.5 cm in diameter may be used for the separation 
of a sample of 3 to 5 mg, depending on its composition. When 
the major constituents of a sample are closely adjacent on the 
chromatogram, as in this case, it is advisable to start with a 
smaller amount. A typical primary Hyflo chromatogram shown 
in Fig. 1A was achieved in 5 minutes by using chloroform-pe- 
troleum ether (1:2 by volume) as the developer. As a result of 
suction, the lower zones especially of larger columns may be some- 
what curved like cones. 

Other adsorbents such as MgO, Al.O3, MgCO; and CaCO; 
were also used in trial tests according to known procedures, and 
found to be unsatisfactory for the separation. The controversial 
problem of the so-called Waldenstrém porphyrin (17, 18) was 
highly complicated by the use of CaCO; or MgO as the adsorb- 
ent (12). 

Fluorescence-pH Curves—The variation of fluorescence inten- 
sity of a porphyrin with the pH of a solution was studied by the 
use of a Coleman 14 universal spectrophotometer with the fluores- 
cence attachment. Stock solutions of the porphyrins were 
prepared by hydrolysis of esters in 5% HCl solution containing 
5% acetic acid. They were allowed to stand at room tempera- 
ture for 24 hours or more for complete hydrolysis. The amount 
of each ester was so adjusted that 0.2 ml of the stock solution, 
when diluted to 10 ml with MclIlvaine’s standard buffer A (0.1 M 
citric acid), should possess approximately the same fluorescence 
intensity as the calibration standard. In this case 2 ug of pure 
Copro [' in 10 ml of 1% HCl solution was set at 100 as the 
standard. A blank solution was set at 0. For each determina- 
tion, 0.2 ml of the stock solution was thoroughly mixed with 
9.8 ml of a buffer or hydrochloric acid of a proper concentration, 
as the case might be. On the alkaline side, an equivalent amount 
of sodium hydroxide solution was added to neutralize the stock 
solution before the addition of 9.6 ml of sodium hydroxide of a 
proper concentration. A Beckman G pH meter was used to 
check the final pH reading. 

Absorption Spectra—The absorption curves of methyl esters of 
these porphyrins were determined with a Beckman DU spectro- 
photometer equipped with a photomultiplier. For measure- 
ments in the visible region, a solution of 0.003 to 0.004% sample 


1 The abbreviations used are: 7 I III, 6 1 III, and 5 I III, hepta-, 
hexa-, and pentacarboxylic porphyrins of both I and III series; 
6 I and 5 I, those of the I series; Uro I and Uro III, uroporphyrin 
I and III; Copro I and Copro III, coproporphyrin I and III. 
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TABLE I 





Urinary porphyrins from cutanea tarda patient (daily averages) 





Total } 


























Period Volume porphyrin | Copros* | 511 611 711 Uros Others 
at days ~ ml/day | ms/day x % | % 7 0 re eg —g — % 
1, Jan. and Feb. 960 | 4552 1.5 3.3 2.4 22.0 67.2 3.6 

55; 33 
2, Apr. ’55; 16 955 | 3485 1.8 2.4 2.7 22.2 66.7 4.2 
3, Aug. ’55; 3 1100 | 4745 | 8 1.5 2.1 25.2 66.9 3.2 
4, Oct. °55; 4 958 | 4053 1.9 1.8 Bd 25.0 68.0 1.6 
5, Aug. 756; 4 1160 1874 | 0.8 | 2.0 2.2 24.0 66.6 4.4 
6, Feb. ’57; 5 890 4288 | 2.1 3.4 4.5 24.7 61.1 4.2 
7, Dec. ’58; 2 1460 3869 1.5 | 2.0 1.9 | 23.1 64.3 VS 
| 16 | 30 | 25 | 225 67.0 3.4 
| | | ee 
Pe 980 | 4110 || 66 ug | 124 ug 103 wg | 925 ug 2752 ug 140 ug 
| | (15-125) | (87-190) (41-195) (443-1196) (1230-3170) (63-275) 








* Copros and uros, for copro- and uroporphyrins; 5 I III, 6 I III, and 7 I III for penta-, hexa-, and heptacarboxylic porphyrins of 


both I and III series. 
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Fig. 1. Chromatograms of urinary porphyrins. A, Hyflo 
column chromatogram; B, C and D, paper chromatograms of 
different solvent systems, with solvent fronts as marked for Rr 
calculations at 21-22°. 

The solvent system KC-KD consisted of 3:3 mL of kerosene- 
chloroform, followed by 4.4:1.8 mL of kerosene-dioxane (12); 
LW, 3.3:2.7 ml of 2,6-lutidine-water (20); and KC-KP, 3:3 ml of 
kerosene-chloroform followed by 5:0.9 mL of kerosene-n-propy] 


was used. For measurements of the Soret band, a solution of 
10 times the dilution was used. Each determination was made 
at 22° against the pure solvent. Several solvents have been 
tested. 


RESULTS AND DISCUSSION 


Zone C (Fig. 1A) of the developed column contained methyl 
esters of CoproI and III. Zones 5, 6, and 7 contained esters of 
5 I III, 6 I Ill, and7 I III porphyrins, respectively. Zone U 
contained those of Uro I and III, whereas Zone O consisted of 


alcohol (12). Methyl esters were used as samples in A, B, and D; 
and free porphyrins in C. 

T stands for total porphyrins isolated; E, for the ether-ex- 
tracted portion; C, coproporphyrins; 5, 6, and 7, porphyrins with 
penta-, hexa-, and heptacarboxyl groups; C;, Cs, and C;, copro- 
porphyrins obtained from decarboxylation of 5, 6, and 7 porphy- 
rins, respectively; U, uroporphyrins; C-, C---, U-, and U---, copro- 
and uro-markers of I and III series; O and R, other unidentified 
porphyrins and residual pigments, respectively. 


esters of at least two unidentified porphyrins. One of them 
closely resembles uroporphyrins in absorption, but differs mark- 
edly from the latter in its behavior on decarboxylation. The 
methyl ester crystallized in fine needles, m.p. 238°. A compari- 
son of its infrared spectrum with those of Dr. MacDonald’s syn- 
thetic uroporphyrins? gave no hint of its identity to any of them. 

It is noted from Table I that the composition of the porphy- 
rins excreted daily by this patient was rather constant through- 
out a course of about 4 years, although a significant reduction in 


2 Dr. S. F. MacDonald, private communications. 








Oc 


qui 
pel 
sca 
red 
the 

] 
um 
for 

‘ 
ant 
pay 
par 

: 
inc 
Pet 
rep 
Per 
anc 
irol 
Ill 
Coy 
pos 
pol 
dou 
fro 

7 


pen 


orga 








. 10 





and D; 


ner-ex- 
is with 
copro- 
orphy- 
copro- 
ntified 


f them 
, mark- 

The 
ympari- 
l’s syn- 
f them. 
yorphy- 
irough- 
stion in 


October 1959 


quantity was noticed during the summer of 1956. During that 
period, the absorption bands of porphyrins in the urine were 
scarcely visible, and the skin lesions of the patient were also 
reduced to a minimum. 
the following winter. 


However, the symptoms recurred in 


Methyl esters of the porphyrins obtained from primary col- 
umns were repeatedly chromatographed on secondary columns 
for purification. 

The esters of coproporphyrins crystallized from chloroform 
and methanol as needles, m.p. 232-236°, which were found by 
paper chromatography (12) (Fig. 1D) to consist of about equal 
parts of I and III isomers. 

The esters of uroporphyrins isolated from all urine samples, 
including those collected during the summer of 1956 (Table I, 
Period 5), had the same melting point range of 275-280°. After 
repeated purification with long Hyflo columns, the product from 
Period 1, 1955, was found to consist of 78% of Uro I, m.p. 295°, 
and 22% of Uro III, m.p. 260° ((12) Patient 2), whereas that 
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gram (20). This is supported by other findings described below. 
The methyl esters crystallized from chloroform-methanol as 
needles with a melting point range of 210-216°. The melting 
point was raised to 216-220° and further to 220-224° by repeated 
chromatography on secondary columns with chloroform-petro- 
leum ether (1:3.5) as the developer. It was later found that they 
are isomers of the I and III series. Therefore, the tentative 
name 5 I III has been proposed for the mixture. Likewise, 6 
I I1f and 7 I III are used for isomeric mixtures of hexa- and 
heptacarboxylic porphyrins, respectively. 

The melting point of porphyrin esters from Zone 6 was also 
raised from 185-190° to 194-196° by repeated chromatography 
with chloroform-petroleum ether (1:2.5) as the developer. The 
variation of m.p. was again due to the change of isomeric com- 
positions by repeated chromatography. Decarboxylation ex- 
periments (21) further indicated that 6 I III might contain more 
isomers than either 5 I III or 7 I III porphyrins. Photomicro- 
graphs of crystals of these products are presented together with 





from Period 5, 1956, consisted of 77% of Uro I and 23% of Uro 
III. The pure esters of Uro I and its decarboxylation product, 
Copro I, were used as references for all experiments below. The 
possible existence of uroporphyrins II and IV in nature, as was 
pointed out by MacDonald and Michl (19), would raise some 
doubt as to the purity of all the uroporphyrins thus far isolated 
from natural materials. 

The crude porphyrins from Zone 5 (Fig. 1A) closely resemble a 
pentacarboxylic porphyrin on the lutidine-water paper chromato- 


those of pure isomers in Paper II of this series (21). 

The esters of 7 I III porphyrins, the most abundant fraction 
next to uroporphyrins, crystallized less readily from most or- 
ganic solvents. However, they were obtained from chloroform- 
methanol in fine wool-like crystals after chromatography on 
secondary columns with chloroform-petroleum ether (1:2) as the 
developer. The m.p. was raised from 210-214° to 217-218° 
after repeated chromatography. 

The paper chromatograms of the porphyrin esters are shown 


TABLE II 
Some properties of urinary porphyrins 
Maximum wave length given in millimicrons, with relative intensities in parentheses. 





| | HC! numbert 
| M.p. 


Porphyrin* | 1, Dioxane; 2, a acetate; 4, 25% HCl ighwee ~ | ned = 
| | Ether: HCl tate: HCl 
: ™ | 
1, 398 (11.5) 498 (1) 531 (.651) 568 (.455) 622 (.353) 
Copro I | 254 ‘ 499 533 568 622 | (a) 0.07 0.35 
| 3, 498 530 568 622 (b) 1.7 3.6 
| 4, 550 575 593 
1, 400 (12.2) 499 (1) 532 (.668) 569 (.465) 623 (.300) 

51111 220-224 2. 500 535 569 623 | (a) 0.07 0.35 
5. 498 531 569 623 (b) 2.6 4.9 
| 4, 551 576 594 | 

| 1, 402 (12.4) 499 (1) 533 (.625) 569 (.450) 624 (.307) | 
6 I III 194-196 2. 500 535 570 624 | (a) 0.04 0.3 
‘ 499 531 569 624 | (b) 3.0 6.3 
4, 552 576 595 | 
| 
1, 403 (12.8) 500 (1) 534 (.624) 570 (.450) 625 (.264) 
71111 217-218 | 2. 501 537 571 625 (a) 0.038 | 0.2 
3, 499 532 570 625 | (b) 4.0 8.1 
4, 553 576 596 | 
1, 404 (13.2) 500 (1) 534 (.578) 571 (.428) 626 (.257) 
Uro I 295 2, 406 502 536 572 626 (a) 0.1 
3, 500 532 571 625 (b) 5.0 9.4 
4 554 


577 597 





* See Table I for abbreviations of porphyrins. 
t The concentration in per cent of HCl, which will extract } of the porphyrin from an equal volume of porphyrin solution in the 
organic solvent; (a) free porphyrins; (b) methyl esters. 
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Fig. 2. Some properties of porphyrins in direct relation to 

their number of carboxyls. A, HCl number of methyl esters of 

4, copro; 6, 5 1 111; 6,6 1 III; 7, 7 1 III and 8, uroporphyrins in 

ethyl acetate. B, ratio of fluorescence intensity in 5% HCl to 


that in 20% HCl versus number of carboxyls; and C, similar rela- 
tion with ratio of fluorescence in 5% and 20% NaOH. 


in Fig. 1, B and D. Brief heating of the ester at the melting 
point did not change its behavior on a paper chromatogram. 
The solubilities of these crystalline esters in several organic 
solvents are generally of the same order, most soluble in chloro- 
form, less in ethyl acetate, benzene, methanol and least in pe- 
troleum ether. 

HCl Number—The partition of the porphyrins between an 
organic solvent and a dilute hydrochloric acid solution, generally 
expressed by the HCl number (22), was measured. The HCl 
numbers of porphyrin esters were also determined. Both ethyl 
ether and ethyl acetate were chosen as the organic solvents. The 
results are given in Table II. 

In the case of free porphyrins, the HCl numbers in ether are 
very close to that of coproporphyrin. The conventional method 
for the determination of the latter by ether-HCl extraction 
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Fic. 4. Fluorescence-pH curves of Uro I at different concen- 
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Fig. 3. Fluorescence-pH curves of Copro I, Uro I, 5 I III, 6 I III, and 7 I III porphyrins 
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Fic. 5. Absorption spectra of methyl esters of urinary porphyrins in dioxane. 


would, therefore, involve much contamination. As shown in 
Fig. 1, the ether extract, E, of the urine sample prepared accord- 
ing to the known method for coproporphyrins, has almost as 
many spots as the extract of total porphyrins, T. The relative 
sizes of the spots corresponding to Copro at top, followed suc- 
cessively by 5 I III, 6 I III, and 7 I III porphyrins, indicate a 
considerable extent of contamination in this particular case. 
Since these porphyrins are present in all types of porphyric 
materials and even in normal urine samples (16), they may 
cause a higher result in such a determination of coproporphyrins. 
With ethyl acetate as the organic solvent, the HCl number of 
51 III is again identical with that of coproporphyrin, and the 
value of 7 L III is very close to that of uroporphyrin. Therefore, 
extractions of porphyrins from porphyric samples with ether or 
ethyl acetate would not result in pure copro- or uroporphyrins. 
On the other hand, the HCl numbers of the esters in ethyl 
acetate revealed a linear relationship with the number of ester 
groups of the porphyrins (Fig. 2A). 
Fluorescence-pH Curves—The results are presented in Fig. 3. 
In Fig. 4, a group of five curves of Uro I is given to show the 
relation of the fluorescence yield with respect to the concentra- 
tion of the solution. Their concentration ratios are as follows: 


Curves a:b: U:d:e = }$:4:1:5:10 


where Curve U is the same curve of Fig. 3. 

Similarly, other porphyrins in solutions of different concentra- 
tions also give different fluorescence curves. 

From these figures, it is obvious that copro- and uroporphyrins 
have different pH-fluorescence patterns. This is primarily due 
to the fact that the latter contains four more ionizable groups of 
acetic acid instead of methyl groups. The pH-fluorescence 


patterns of hepta-, hexa- and pentacarboxylic porphyrins, with 


See Fig. 3 for abbreviations of porphyrins 


decreasing number of acetic acid groups, fit right between those 
of uro- and coproporphyrins. Besides the regular shifts around 
the isoelectric points, there are other empirical relationships 
between the fluorescence and the number of carboxyl groups of 
the molecule. When the ratio of fluorescence intensity of each 
porphyrin in 5% sodium hydroxide to that in 20% solution was 
calculated, there was found a linear relationship between these 
ratios and the number of carboxyl groups of the respective por- 
phyrins. Similar relationships were also found on the acid side 
as shown in Fig. 2, B and C. Since the fluorescence decreases 
gradually on standing, readings should be taken right after the 
mixing of solutions. 

The direct proportionality between the number of carboxyls 








TaB_e III 
Decarbozylation and microanalysis data 
Decarboxylation 
Before After 
Porphyrin® eae aa F 
y Ratios of 
max} max; 0 : is s 
M.p epic | 19H! | yield | = MP. |Copro I 
|Copro IIT 
Hears °C mp ~~ % | °C | % - 
5 I III | 220-224 | 550, 591) 549, 591, 92 | 248-250 | 80/20 
6 I Ill 194-196 | 550, 592) 549, 591) 83 152/167 | 10/90 
7 I IIIt | 217-218 | 551, 593! 549, 591 


80 | 150/173 | 10/90 





* See Table I for abbreviations of porphyrins. 
¢ Analysis was done by Dr. A. Elek, Los Angeles, California: 
CasHs201Na 
Calculated: C 62.43, H 5.92, N 6.33, OCH; 24.55 
Found: C 62.32, H 6.00, N 6.23, OCH; 24.53 
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and fluorescence ratios on the alkaline side was also observed 
with some dicarboxylic porphyrins such as meso- and deutero- 
porphyrins, but not with proto- and hematoporphyrins. These 
observations support the view that the 5 I III, 6 I III, and 7 I III 
porphyrins may not contain any reactive functional groups 
(hydroxyl, vinyl) such as protoporphyrin or hematoporphyrin do. 

Absorption Spectra—The results are presented in Table II. 
The regular shifts of absorption maxima according to the number 
of carboxyl groups are best shown in Fig. 5, where the absorp- 
tion curves of the porphyrins in dioxane are given. The gradual 
shift of peaks from Copro to Uro indicates again that these 
intermediate porphyrins have structures very similar to those 
two porphyrins. Assuming that the molecular extinction co- 
efficients of these intermediate porphyrins lie somewhere between 
those of Copro, € (500 mu) = 1.52 x 104, and Uro, e = 1.38 x 
10*, we can calculate their approximate molecular weights by 
dividing the value of € by y'5 of the corresponding values of é10, 
thus, 


’ 


5111 = 1.45 x 10 + 18.8 = 771, 
61 1IL = 1.45 x 10* + 17.6 = 825, 
and 7 I III = 1.45 x 10‘ + 16.1 = 900. 


These calculated values receive strong support from the experi- 
mental results discussed below. 

Decarboxylation and Possible Molecular Structures—Experi- 
ments on decarboxylation were carried out according to the 
procedure of Edmondson and Schwartz (23). The results are 
summarized in Table III. The esters prepared from decar- 
boxylation products of the porphyrins behave in all respects as 
those of coproporphyrins. Approximately 200 ug of each ester 
were used for the experiment. The porphyrins of 5 I III gave 
an over-all yield of 92% of coproporphyrins (methyl ester, m.p. 
248-250°). The paper chromatographic analysis (Fig. 1D) re- 
vealed its composition as 80% of Copro I and 20% of Copro III, 
when densities of the spots were considered. The coproporphy- 
rins (m.p. 152/167°) from 6 I III consist of 90% of Copro III 
and 10% of Copro I, and those from 7 I III also consist of 90% 
of Copro III and 10% of Copro I. Supporting evidence for the 
estimation of these ratios of isomers (45%) can be obtained 
from the melting points of the products. Other data concerning 
the decarboxylation products of 7 I III, including a photomicro- 
graph of the product, were given in the previous paper (12) under 
the name “7III.”” These experiments have strongly indicated 
that penta-, hexa- and heptacarboxylic porphyrins are isomeric 
mixtures of the I and III series. Furthermore, the infrared 
spectroscopy of the esters (24) has confirmed these findings. 

The elementary analyses of the methyl esters of the 7 I III 
porphyrins, listed in Table III, agree very well with the molecular 
formula, CysHs20uN,, of the heptamethyl ester of methylpor- 
phin-triacetic-tetrapropionic acid. Similar analyses were not 
done for the esters of 5 I III and 6 I III for lack of material. 
However, the analyses for methoxyl of pure samples of 5 I and 
6 I porphyrins (21) were in agreement with the calculated values 
for the methyl esters, respectively, of trimethyl-porphin-mono- 
acetic-tetrapropionic acid (CyH ON.) and dimethyl-porphin- 
diacetic-tetrapropionic acid (CyHsOnN,). 

On the assumption that the decarboxylation of uroporphyrin 
is a mole-to-mole reaction, the molecular weights calculated for 
7 III, 61 WI, and 5 I III porphyrin esters would be 885, 827, 
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and 769, respectively. These values agree well with those 
derived from the absorption data. 


SUMMARY 


1. The urinary porphyrins of a cutanea tarda patient have 
been studied in detail. 

2. The structures of the porphyrins with five, six and seven 
carboxyl groups are discussed. The possibility of the existence 
of several isomers of the hexacarboxylic porphyrin is indicated, 

3. A linear relationship has been found to exist between the 
number of carboxyl groups of porphyrins and the ratios of their 
fluorescence intensities in sodium hydroxide solution of varying 
concentration. 

4. It is suggested that these porphyrins may be present as 
contaminants in copro- or uroporphyrins prepared from biologi- 
cal materials by conventional methods involving extraction with 
ether or ethyl acetate. 
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Hepta-, hexa-, and pentacarboxylic porphyrins have been de- 
tected in porphyric as well as normal urine samples. From the 
former they have been isolated and converted into pure methyl 
esters (1). For a better understanding of the chemistry of these 
porphyrins, pure uroporphyrin I and uroporphyrin III were 
separately subjected to decarboxylation under controlled con- 
ditions. The decarboxylation products are described and their 
relations with those isolated from the porphyric urine are dis- 
cussed in this report. 


EXPERIMENTAL 


Pure octamethyl esters of Uro I' (m.p. 295-296°) and Uro III 
(m.p. 261-262°) isolated from the urine samples of a porphyric 
patient (2) were used as the starting materials. They were hy- 
drolyzed and decarboxylated according to the procedure of 
Edmondson and Schwartz (3) with some modifications. A 
Pyrex ignition tube, 1.8 < 15 cm, containing a porphyrin sample 
in 5 to 10 ml of HCl solution was sealed under vacuum. The 
concentration of HCl was varied between 0.1 to 10%, and the 
time of heating was varied between 10 minutes to 3 hours, while 
the temperature of the reaction oven was maintained at 175 + 
2°. The size of a sample varied from 50 yg to a few milligrams. 
The total yield of the main decarboxylation products, ranging 
from 90 to 95%, was determined colorimetrically (4). Several 
unidentified porphyrins amounting to 1 to 5% were obtained as 
by-products. There was also a trace of greenish pigment, es- 
pecially when the reaction mixture contained very dilute HCl. 

The results of the decarboxylation of a typical series of Uro I 
are given in Fig. 1. Uro III was not studied as extensively as 
Uro I due to a limited supply of the material. However, the 
results so far obtained have shown that it follows a course of 
decarboxylation similar to Uro I. For comparison, samples of 
Uro I obtained from Dr. Watson and Uro III (turacin) from Dr. 
Rimington were also decarboxylated to various intermediates. 

In Fig. 1, especially 1D, it can be seen that the decarboxyla- 
tion of Uro I in dilute HCl solution takes a course of stepwise 
decarboxylation of the acetic acid groups. The first acetic acid 


* This investigation was supported by Research Grant A-1000 
(C8) from the National Institutes of Health, United States Public 
Health Service. 

1 The abbreviations used are: Uro I and Uro III, uroporphyrin 
Iand III; 7 I, 7 III, 6 I, 6 III, 5 I, and 5 III, hepta-, hexa-, and 
pentacarboxylic porphyrins of specified series; Copro I and Copro 
III, coproporphyrin I and III. 


group was decarboxylated within 10 minutes of heating and thus 
7 I was formed. On further heating other acetic acid groups 
were successively decarboxylated with the formation of 6 I and 
5 I porphyrins. At the end of 1} hours, only 5 I remains as the 
potential precursor of Copro I. Separate experiments with 7 I, 
6 I, and 5 I porphyrins gave similar results of a stepwise decar- 
boxylation. 

However, in a more diluted hydrochloric acid solution such as 
0.2%, another reaction besides decarboxylation occurs. At the 
end of 1 hour, only 75% of the sample was accounted for by 
Copro I, and a green pigment of unknown nature was obtained. 
With 0.1% HCl, the yield of Copro I was further lowered to 33% 
and more green pigment was produced. The nature of the green 
pigment is being studied. 

It is evident from Fig. 1 that the optimal condition for decar- 
boxylation of Uro I to Copro I is to heat the sample in 1% HCl 
solution for 2 hours. A similar result has been obtained in the 
case of decarboxylating Uro III to Copro III. If a sample is 
heated in a 5% HCl solution for } hour, a mixture of 7 I, 6 I 
and 5 I is obtained. 

When 1% HCl solution is used, Copro I can be prepared from 
either 51,61, or 7 1in 14 hours. The time of heating should be 
reduced to 30 minutes for the preparation of 6 I and 5 I from 7 
I, and 45 minutes for that of 5 I and Copro I from 6 I. 

After decarboxylation, each sample was extracted, esterified 
and chromatographed as usual (1). Near the top of every 
chromatogram, there were found some weak fluorescent bands 
of unknown nature. The main zones were further purified as 
described (1). 

By comparison of methyl esters of these intermediates with 
those obtained from a porphyric patient (1), it has been found 
that they are similar in many properties, but definitely different 
in their melting points. 

It is noted from Table I that some of the products particularly 
methyl esters of 6 I and 6 III, possess a rather wide melting 
range. By means of a long Hyflo column, somewhat similar to 
that used for the separation of Uro I and III (2), a batch of the 
purified ester of 6 I of m.p. 190-240° was spread into a wide band. 
The upper half of the band consisted of about 60% of the por- 
phyrin which crystallized in needles (Fig. 2, 5) and melted at 
190-200°, and the lower half yielded crystals (Fig. 2, 6) melt- 
ing at 220-260°. Both of these fractions were subjected to 
decarboxylation under identical conditions and gave excellent 
yields of Copro I (methyl ester, m.p. 250—252°). 
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Fig. 1. Relative yields of decarboxylation products of uro- 
porphyrin I in different HCl concentrations versus time. Curves 
C, coproporphyrin; U, uroporphyrin; 5, 6, and 7, penta-, hexa-, 
and heptacarboxylic porphyrins of I series, respectively. 


TABLE I 


Decarbozylation products of various porphyrins and methozyl 
determinations of their methyl esters 


























“ | | Per cent OCHst | 
: Porphyrin*| M.p. | | Intermediates ety 
w Calculated Found | 
x | | % 
I Uro I (295-296 |71,61,51) 254 
71 = [253-255] 24.55 24.45, 61,51 253 
| | CuHi0uNy |_| | 
61 —|190+240! 22.52 22.52) 51 | 252 
| | (CuHsoOi2N,) | 
51 {231-232 20.18 20.13) | 254 
| (Cy2HysO10N,) 
III | Uro I1T}261-262) | 7 IIL, 6 IIT, (150/170 
5 Ill 
7 III 200-205 | 6 III, 5 IIL |150/165 
6 III |165-190) 5 111 151/168 
5 III |150-170 148/164 





* See the text (footnote 1) for abbreviations of porphyrins. 
¢ Analysis was done by Dr. A. Elek, Los Angeles, California. 





Similarly, a sample of methyl ester of 6 III (m.p. 165-190°) 
was spread on a long Hyflo chromatogram, the fraction extracted 
from the upper 7; of the band melting at 150-190° and that 
from the lower portion melting at 200-240°. Secondary chro- 
matography of the upper portion gave two fractions, one melting 
at 145-150° (Fig. 2, 7) and the other melting at 165-195°, while 
the lower portion was also separated into two fractions m.p. 
190-205° (Fig. 2, 8) and 210-240°. The fractions with m.p. 
165-195° and 210-240°, about 50 ug each, were again subjected 
to decarboxylation and both gave a total yield of 70% Copro 
III (methyl ester, m.p. 151/165°). 
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When the esters of 7 I, 7 III, and 5 I were likewise chromato. 
graphed, they yielded no similar fractions of widely different 
melting points. A sample of 5 III (methyl ester, m.p. 150-170°) 
was decarboxylated, before chromatographic fractionation, to 
Copro III in an excellent yield. 

The photomicrographs of the crystalline forms of these prod- 
ucts together with those isolated from urine samples (1) are 
given in Fig. 2 for comparison. 

The results of the methoxy! determinations of the products 
are listed in Table I. They agreed very well with the calculated 
values for methyl esters of 7 1,61, and 51. Other analytical 
data, including C, H, and N determinations of the heptacar- 
boxylic porphyrin isolated from a patient, have already been re- 
ported (1). 

Paper chromatographic study of methyl esters of these iso- 
meric porphyrins has shown some differences in the solvent 
systems, respectively, designed for the differentiation of Uro I 
and III, and for Copro I and III. When the size of a sample 
spot is about 0.3 yg, the difference between each pair of isomers 
I and III is apparent on both paper chromatograms (Fig. 3, A 
and B). With a smaller sample, e.g. 0.2 wg, the difference is 
almost unnoticeable in the solvent system A, but can be seen in 
the solvent system B. 


DISCUSSION 

It is evident from Fig. 1 that uroporphyrins are more stable 
toward heat in a relatively concentrated HCl solution. For 
instance, a considerable quantity of Uro I remained unchanged 
after heating for 15 minutes in a 5% HCl solution, whereas only 
a negligible amount was recovered from the more dilute HCl. 
In a very dilute HCl solution, uroporphyrin was even trans- 
formed into a green pigment after a brief heating at a much lower 
temperature. At HCl concentrations from 0.5 to 10%, uropor- 
phyrin was successively decarboxylated into various porphyrins. 
A variation in the HCl concentration, temperature or heating 
time would, therefore, effect the composition of the decarboxyla- 
tion product. 

Our results have led us to believe that the decarboxylation 
product “224°” of the “284°” uroporphyrin reported by Grin- 
stein et al. (5) might be a mixture of 5 I and III, and their “183°” 
porphyrin obtained from decarboxylation of their “208°” might 
also be an impure pentacarboxylic porphyrin. The unidentified 
narrow band above the Copro zone, described more recently by 
Edmondson and Schwartz (3) in their decarboxylation experi- 
ment, might also be a pentacarboxylic porphyrin. 

The identity of the decarboxylation products of uroporphyrins 
with those porphyrins isolated from a porphyric patient (1) has 
been established by their absorptions in various regions including 
infrared (6), their decomposition products, the paper chroma- 
tographic behavior, etc. The isolation of these intermediate 
porphyrins from cows with congenital porphyria? constitutes 
additional evidence for the existence in nature of all these por- 
phyrins, particularly the 7 I and 6 I porphyrins. Methy] esters 
of these porphyrins from porphyric cows have crystalline forms 
and melting points closer to those of the I series. Their absorp- 
tion spectra in the visible region are the same as those isolated 
from the patient. On decarboxylation, the heptacarboxylic 
porphyrin (methyl ester, m.p. 250°) yielded a coproporphyrin 
(m.p. 245-248°) consisting of 90% of Copro I. Rimington and 


2 Unpublished experiments. 
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Fic. 2. Photomicrographs of crystals of methyl esters of por- 
phyrins; 1 to 8, prepared from decarboxylation of uroporphyrin I 
and III: 9 to 12, isolated from porphyric urine samples. /, Penta- 
carboxylic porphyrin I, or 5 I, m.p. 232°; 2, 5 III, m.p. 150-160°; 
3, heptacarboxylic porphyrin I, or 7 1, m.p. 255°; 4, 7 III, m.p. 
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205°: 5, hexacarboxylic porphyrin I, or low melting 6 I, m.p. 200°; 
6, high melting 6 I, m.p. 260°; 7, low melting 6 III, m.p. 150°; 8, 
high melting 6 III, m.p. 205°; 9, 5 I IIT, m.p. 224°; 10, 6 L111, m.p. 
196°; 11,7 I II], m.p. 216°; and /2, an unidentified octacarboxylic 


porphyrin, m.p. 238°. Magnification: 11, X 200; others, X 100. 
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Fic. 3. Paper chromatograms of porphyrin esters. C and U, 
for copro- and uroporphyrins; 5, 6, and 7, for penta-, hexa-, and 
heptacarboxylic porphyrins of I or III series as specified. The 
solvent mixture KC-KD, consisted of 3:3 ml of kerosene-chloro- 
form, followed by 4.4:1.8 ml of kerosene-dioxane; KC-KP, 3:3 


ml kerosene-chloroform, 5:0.9 mL kerosene-n-propy! alcohol (2). 


Miles (7) have also reported the separation of a heptacarboxylic 
porphyrin (m.p. 242°) from a patient with congenital porphyria. 
Variations in the melting point ranges of the 6 I and III por- 
phyrin esters, and the fact that both low and high melting por- 
tions of a preparation gave the same coproporphyrin on decar- 
boxylation, indicate the possible existence of more isomers, as do 
the properties of the products isolated from porphyric urine. 
On the basis of the established structure of Uro I (8), 7 I and 
5 I can be assigned, respectively, the structures of 7-methyl- 
porphin-1 , 3, 5-triacetic-2 ,4,6,8-tetrapropionic acid and 3,5,7- 
trimethyl-porphin-1-acetic-2 ,4,6,8-tetrapropionic acid. There 
are, however, two possible structures for the hexacarboxylic 
porphyrins, namely 5,7-dimethyl-porphin-1 ,3-diacetic-2 ,4,6,8- 
tetrapropionic acid and 3,7-dimethyl-porphin-1 , 5-diacetic-2 ,4, 
6,8-tetrapropionic acid. The low and high melting ester 
fractions of 6 I may well correspond to these two isomers, but 
which isomer has the low and which the high melting point, 


Vol. 234, No. 10 


remains to be determined. Since more isomers are possible in 
the III series, additional data are needed for the establishment 
of structures of the decarboxylation products of Uro III. 

In this connection we would like to mention that the ‘208° 
porphyrin of Grinstein et al. (5) and the ‘“pseudouro,” m.p. 
211-216°, of Canivert and Rimington (9) might be the 7 I III 
porphyrins with different proportions of the isomors. The paper 
chromatographic difference observed by Falk et al. (10) might be 
similar to one of those shown in Fig. 3, although another possi- 
bility, namely the presence of more than one isomeric form of 7 
III, is not completely ruled out. 


SUMMARY 


1. The stepwise decarboxylation of uroporphyrins I and III 
has been studied, and hepta-, hexa-, and pentacarboxylic por- 
phyrins have been prepared. 

2. The properties of these products have been compared with 
those isolated from a porphyric patient. The results support 
the view that the naturally occurring hepta-, hexa-, and penta- 
carboxylic porphyrins are mixtures of isomers of the I and III 
series. 

3. The hexacarboxylic porphyrins of both the I and the III 
series have been found to be mixtures. 

4. It is suggested that Watson’s ‘208,’ Rimington’s “‘pseu- 
douro,” and the heptacarboxylic porphyrins of the I and III 
series described here may be mixtures containing the isomers in 
different proportions. 
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The infrared spectrometry of known porphyrins has been 
reported by several investigators (1-5). The absorption spectra 
of methyl esters of hepta-, hexa-, and pentacarboxylic porphyrins, 
prepared from a porphyric patient (6) as well as by stepwise 
decarboxylation of uroporphyrins (7), have been examined in 
the region 2 to 15 yw. 
and discussed in this report. 


Some frequency assignments are suggested 


EXPERIMENTAL 


The isolation and preparation of the porphyrins have been 
described elsewhere (6, 7). 

A Perkin-Elmer model 12C single beam spectrophotometer 
equipped with sodium chloride optics was used. 

The micro technique of sampling was done by dissolving the 
A pointed capillary 
pipette was used for delivering the sample solution directly onto 
a rock salt plate. As the pipette was slowly gliding along the 
center line of the plate, a narrow elongated solid film of the por- 
phyrin ester was formed. 
repeated for a thicker film. 
a very soluble sample such as Copro III;! but a less concentrated 


sample in a small drop of chloroform. 


The application of a sample may be 
A concentrated solution is used for 


solution should be used for a less soluble sample such as Uro I, 
in order to avoid rapid crystallization. The sample plate was 
then mounted as the cell window and the spectroscopic work was 
done as usual. By this simple technique, a sample of 50 ug or 
less can be studied without any special attachment. Further- 
more this technique of microsampling assures the purity of a 
spectrogram. Absorptional complications, as often encountered 
in the Nujol mull or potassium bromide pellet sampling (8), are 
minimized. 

The principal absorption bands of these porphyrin esters over 
the range 4000 to 800 em~' are sketched in Fig. 1. The spectra 
of methyl esters of Copro I and III and Uro I and III are also 
included for comparison. The relative intensities of the bands 
are indicated approximately. 
phyrins prepared from different sources agree with one another. 
They also agree with the results of Falk and Willis (2) and those 


of MacDonald’s synthetic products. The absorption curves of 


The absorption curves of uropor- 


* This investigation was supported by Research Grant A-1000 
(C8) from the National Institutes of Health, United States Public 
Health Service. 

' The abbreviations used are: Copro I and Copro III, copro- 
porphyrin I and III; Uro I and Uro III, uroporphyrin I and ITI; 
71111, 61111, and 51 III, hepta-, hexa-, and pentacarboxylic 
porphyrins of both I and III series; 7 I, 7 III, 6 I, 6 III, 5 1, and 
5 III, those of specified series. 


Copro I and III agree with those of Gray (1) and of Falk and 
Willis (2). Likewise, methyl] esters of 7 1, 61,5 1, 7 II, 6 III, 
and 5 III porphyrins prepared from Uro I and III of a porphyric 
patient show no difference in absorption from those corresponding 
members prepared from Watson’s Uro I and Rimington’s Uro 
III (turacin). 

A general survey of the spectra indicates the resemblance in 
structures of the porphyrins. However, differences between 
isomers of the I and III series, notably in the region 1200 to 
1300 cm~' are distinct. Methyl esters of the 7 I III and 6 I III, 
each containing 90% of the III isomer (6), showed almost the 
same absorption as those of pure 7 III and 6 III porphyrins. 
That of 5 1 III, containing 80% of the I isomer (6), gave rise to 
a spectrum close to that of pure 5 I. But small differences 
either in intensities or in relative positions of bands can still be 
found. For example, the differences in intensities of the 1288 
em and 985 em~! bands indicate a mixed nature of the 7 I III 
spectrum, when compared with those of 7 land 7 III. Similarly, 
the 850 cm~ band of 6 I IIT and the 1340 em~ band of 5 I III 
indicate that they are mixtures. It is yet to be determined 
whether any band, or combination of bands, in the various 
spectra can be used for the quantitative estimation of isomers. 


DISCUSSION 


The N—H-stretching vibration of porphyrin molecule at 3290 
cm~! has been assigned and discussed by Falk and Willis (2). 

In the region 2850 to 3000 em~', where alkyl groups generally 
absorb, there are several interesting bands, which would be 
strongly interfered with by Nujol. The bands 2950 em~!, 2920 
em~!, 2855 em~! and a weak shoulder of 2920 em~! at the lower 
frequency side probably originate in the CH;- and CH:-stretch- 
Although the 2920 em-! and 2855 em~! bands 
are in good agreement with the characteristic assignments corre- 
sponding to the in-phase and out-of-phase vibrations of the 
hydrogen atoms of the CH» group (9), additional data are needed 
to explain the relative intensity variations of the isomers. 


ing vibrations. 


The hydrogen-bending vibrations of the CH» and CH; groups 
appear in the integrated absorption in the 1440 cm~ region. 
The intensity of this band is relatively higher in the spectra of 
uroporphyrins. The presence of double bonds in the pyrrole 
rings may have caused a shift of the deformation frequency of 
the adjacent methylene vibration to this lower value by about 
20 wave numbers. A similar shift of the band in sterols has 


been reported by Jones and Cole (10). 
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Fig. 1. Principal infrared absorption bands of methyl! esters 
of porphyrins. U I, U III, C I, and C III stand for uro- and 
coproporphyrins of I and III series; 7 I, 7 III, 6 1, 6 III, 51, and 
5 III, for hepta-, hexa-, and pentacarboxylic porphyrins prepared 


The strong absorption near 1730 cm~ has been assigned to the 
C=O-stretching frequency of the ester group (2). 

The region at 1150 to 1250 cm~', where the stretching fre- 
quencies of C—O groupings are generally found, is most interest- 
ing. Simple acetates and propionates absorb at 1245 em- and 


1190 cm~, respectively (11). Much work has been done on more 


TABLE I 


Absorption bands of porphyrin esters at 1200 and 1170 cm regions 


Porphyrin* M.p. Absorptions 
C 
U I 295-296 1196, 1174 
U III 261-262 1196, 1169 
71 253-255 1195, 1170 
7 Ul 200-205 1195, 1165 
71111 213-214 1195, 1165 
6 I 240-260 1195, 1170 
6 Ill 170-190 1195, 1165 
6 III 194-196 1195, 1165 
5 I 231-232 1195, 1171 
5 Ill 160-165 1195, 1166 
5 1 III 212-216 1195, 1171 
CI 253-254 1193, 1165 
C Ill 150/170 1194, 1161 


* See Fig. 1 for abbreviations of porphyrins. 


7 T 


4-00 1200 1000 800 cm"! 
from decarboxylation of U I and U III, respectively; 7 I III, 61 
III, and 5 I III, corresponding porphyrins isolated from porphy- 
ric urine samples. ----, data unavailable. 


complicated molecules containing these groups, and assignments 
have been made within this region (12). Two strong absorp- 
tions around 1195 and 1170 em~ were found in all the porphyrin 
esters studied. The intensity of the 1195 em band increases 
with increasing number of acetate groups in the porphyrin 
molecule, whereas the 1170 em~! band, with a relatively constant 
intensity, shifts up or down in accordance with the isomeric 
series I or III. 
Table I. 


associated bands, are yet to be established, their relative posi- 


The measurements of this band are given in 
Although the absolute values, especially for broad or 
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Fig. 2. Porphin, according to Fischer and Orth (13) 
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tions are rather interesting and revealing. This frequency drop 
of the 1170 em band in the III series is probably due to the 
fact that the two propionate groups are located at adjacent 
positions 6 and 7 (Fig. 2) instead of at positions 6 and 8 of the 
corresponding I isomer. 

The absence of absorption bands in the regions around 1730 
em and 1195 to 1170 em of the spectra of octamethylporphin 
and aetioporphyrin (2) further confirms that these absorptions 
are due to the ester groups. Unlike the carbonyl group, the 
C—O-bonding of an ester group is generally much effected by 
external and internal environments of the vibrating group, thus 
resulting in a considerable lowering of the frequency. 

However, more work is needed to clarify the nature of the 
weaker 1195 cm-! band of coproporphyrin esters, which do not 
contain the acetate group. In this highly overlapped region, 
any superposition of one band arising, for example, from C—C- 
stretching on another is quite possible. On the other hand, a 
pure C—O-stretching motion is rather uncommon (12). In 
view of the presence of a weak band at 1200 cm~! in the spectrum 
of octamethylporphin (2) the chance of a C—N perturbation is 
also very likely. 

In the region of 1600 to 1650 cm~ for conjugated double bonds, 
some weak bands are barely noticeable. 

More complications are involved in the low frequency region. 
Any overlapping of absorptions introduces unpredictable fre- 
quency shifts. For example, the 1090 em band which has been 
suggested by Paul (3) to be due to the ether linkage, 
—C—O—C—, of the tetramethyl-hematoporphyrin ¢ at the 
positions 2 and 4 (Fig. 2), was also found in uroporphyrins and 
other porphyrins. This band gradually loses its intensity as the 
number of acetate groups in the porphyrin molecule decreases, 
and disappears in the spectra of coproporphyrins. Therefore, 
this band might be associated with another absorption of the 
acetate group. 


SUMMARY 


1. The infrared spectra of methyl esters of hepta-, hexa-, and 
pentacarboxylic porphyrins, obtained from porphyric specimens 
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as well as by decarboxylation of uroporphyrins, have been 
measured with solid films over the region 2 to 15 uw. For com- 
parison, data of uroporphyrins I and ILI and coproporphyrins I 
and ITI are also given. 

2. The spectra indicate that these naturally occurring por- 
phyrins are mixtures of isomers of the I and III series. 

3. Several assignments are suggested for various characteristic 
frequencies. Among others, the C—O bands of the ester groups 
with apparent isomeric shifts at 1195 to 1170 em™ are discussed. 
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Essentially all cultured animal cells require for growth! animal 
serum or some other biological preparation. An understanding 
of the nature of the contributions made by these complex mix- 
tures is of great interest for many reasons. Included are the de- 
sirability of better defined media for biochemical and other 
studies, the elucidation of growth requirements not detectable in 
experiments with whole animals, and the accumulation of a base 
line of knowledge for future investigation of comparative bio- 
chemistry and nutrition on a cellular level. 

Previous studies with cultured mammalian cells provided some 
information about two serum activities. One of the growth fac- 
tors, a protein (1, 2), seems to play its role on the cell surface. 
The second, replaceable by catalase (3), functions by preventing 
the cells from synthesizing toxic levels of peroxide or by aiding 
them to dispose of it once it has been formed. The exact serum 
components which perform this task are not known but it is 
likely that they include a mixture of reducing substances. 

With two cultures of human origin, Appendix A 1 (4, 5) and 
HeLa (6), the possibility was tested that the protein factor and 
catalase could substitute for serum in the growth medium. Al- 
though multiplication of even relatively small numbers of cells 
could be obtained, the rates of growth were quite low. Growth 
rates comparable to those obtained with serum resulted, however, 
when additional compounds, particularly insulin and Versene 
(sodium ethylenediaminetetraacetate) were added to the me- 
dium. 

The purpose of this report is to describe the serum-free medium 
and to present the evidence for the growth-enhancing activity 
of some of its components. Justification for the presence in the 
medium of compounds which elicited a small or inconsistent 
enhancement of growth (vitamin B.», triiodo-L-thyronine, and 
serum albumin) will not be presented. 


EXPERIMENTAL 


Materials—The cell cultures used in this study, Appendix and 
HeLa, are epithelial-like in morphology and of human origin. 
Stock cultures were grown on glass surfaces in a medium con- 
taining 15% bovine serum and no attempt was ever made to 
select cells better capable of growth in the serum-free medium. 

Poly-t-lysine (about 30 residues) was prepared by the Mann 
Research Laboratories, Syntocinon (oxytocin) by Sandoz, Inc. 
Amorphous insulin (20 units per mg, lot number W-3255) and 
the 5 times crystallized hormone (25 units per mg, lot number 
T-2842) were kindly supplied by Dr. W. R. Kirtley, Eli Lilly 
and Company. Dilutions of insulin were prepared immediately 
before use in NaCl (0.15 mM). Carbohydrates were obtained from 


1 Growth is used to describe an increase in cell numbers. 


Pfanstieh] Laboratories; other materials are described below 
(see Table I). 

Determinations—Glucose was measured spectrophotometri- 
cally with the coupled hexokinase-glucose 6-phosphate dehydro- 
genase system (7). Cell counts were made with a Levy count- 
ing chamber. 

Assay Procedure—Growth assays were carried out with serum- 
grown cells harvested from stock cultures by scraping with a 
rubber spatula. The cells were thrice washed by centrifugation 
in serum-free medium from which the test component(s) was 
omitted. The washed cells were suspended to yield the desired 
density and 2 ml aliquots of the cell suspensions were distributed 
to T-flasks (approximate floor area 15 cm?) which had previously 
received the test solutions. To enhance the buffering capacity 
of the serumless mixture, additional NaHCO; (0.05 ml of a 5% 
solution) was now added to each flask and the flasks were imme- 
diately flushed (4 minute) with a vigorous stream of 95% air-5% 
CO:. After incubation at 36°, the cells were detached by scrap- 
ing and growth was estimated by counting cells. 


RESULTS 

Growth Medium—The components of the serum-free medium 
are described in Table I. The growth rates of Appendix and 
HeLa cells in this mixture approached those obtained with basal 
medium enriched with 10% human serum (Fig. 1). 

Protein Factor—The effect of the protein factor was tested 
with a more purified preparation (chromatographic fraction (1)) 
than was routinely used. Although omission of the factor from 
the serumless medium did not completely prevent the growth 
of the Appendix cells, a marked stimulation in cell yield was ob- 
tained upon its addition. Thus, starting with 25,000 Appendix 
cells, the yields of cells after 5 days with 0, 1.5, 3, 16, 12, and 
24 wg per ml of protein were 78, 109, 178, 200, 226, and 220 x 
10%, respectively. To provide similar enhancement with human 
serum required about a 40-fold greater concentration of protein. 

In the absence of the protein factor, but not in its presence, 
poly-L-lysine and even the prior treatment of the glass surface 
with a basic solution,’ stimulated cell multiplication. Thus, in 
an experiment initiated with 10,000 Appendix cells the yields 
after 7 days were as follows: no addition or treatment, 48,000 
cells; 6 wg per ml of polylysine,? 94,000 cells; treatment of the 
culture flask with NaHCO; solution (5%, 100°, 3 minutes), 
108,000 cells; and protein factor, 201,000 cells. 

Catalase—The catalase requirement for survival and growth 


2 Enhancement of growth by prior treatment of the glass surface 
was first observed by Miss Catherine Rappoport, Department of 
Pharmacology, Yale University. 

3 Higher levels were generally toxic. 
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TABLE I 


Components of serumless growth medium* 





Basal medium 

Protein (flattening) factor 
Catalase 

Insulin 

Versene 

Vitamin Bie 

3,3’ ,5-Triiodo-L-thyronine 
Serum albumin 





* The basal medium contained the amino acids (hydroxyproline 
was omitted), inorganic salts, glucose, reducing agents, and anti- 
biotics suggested by Healy et al. (8) and the vitamin mixture of 
Eagle (9). The pH was adjusted to about 7.4 with NaHCO; and 
the remaining components of the medium were added per 100 ml 
as follows: 0.5 ml of protein factor (Ethanol II fraction (1), 16 
mg of protein per ml), 0.04 ml of crystalline beef liver catalase 
(0.85 mg of protein per ml, Worthington Biochemical Corpora- 
tion), 0.1 ml of crystalline Zn-insulinate (40 U.S.P. units per ml, 
Iletin U-40, Eli Lilly and Company), 0.05 ml of Versene (0.1 m), 
0.03 ml of crystalline vitamin Biz (10-° m, Nutritional Biochem- 
icals Corporation), 0.1 ml of triiodothyronine (1.5 X 10-*m, Mann 
Research Laboratories), and 0.7 ml of crystalline bovine serum 
albumin (5%, Armour and Company). 


of Appendix cells in the serumless medium is shown in Table 
II. As can be seen from the table, the effect of the enzyme 
became more striking as the size of the cell inoculum was de- 
creased. 

Insulin—The striking enhancement by insulin of the multi- 
plication of Appendix cells in the serum-free medium is shown 
in Fig. 2. Almost identical results were obtained with HeLa. 
The linear growth consistently observed with both cultures in 
the absence of added insulin is considered to result from the 
dilution with growth of an essential factor, possibly insulin it- 
self. The explanation that simultaneous multiplication and 
death of cells occurred in the incomplete medium cannot, how- 
ever, be ruled out. 

The possibility was considered that the growth-promoting 
activity of insulin preparations derives not from the protein it- 
self but rather from a contaminant or a breakdown product. 
The evidence consistent with the identity of the growth factor 
and the hormone is as follows. 

1. The unit-wise growth-promoting activities of amorphous 
and 5 times crystallized insulin were indistinguishable (Fig. 3). 
Crystalline glucagon (5 ug per ml) was neither active nor inhibi- 
tory. 

2. Procedures which inactivate insulin also caused the loss 
of growth factor activity. Incubation with cysteine in 60% 
ethanol (10) or in 0.03 n NaOH, but not in 0.03 n H.SO, (11), 
destroyed most of the growth-promoting activity (Fig. 4). Fur- 
ther, treatment of insulin with concentrated HCl under condi- 
tions (3 hours, 37°) which yield strepogenin (12) reduced the 
activity for Appendix cells to less than 0.5% of the untreated 
hormone. Likewise, peptides with strepogenin activity for bac- 
teria, Ser. His. Leuc.Val.Glu (13), and oxytocin (Syntocinon) 
(14), did not satisfy the insulin requirement. 

3. In the medium containing glucose (0.005 m), and in the 
absence of added insulin, fructose stimulated the growth rate of 


the Appendix cells (Fig. 5). Contrariwise, as shown in the figure, 


‘Generously supplied by Dr. D. W. Woolley. 


I. Lieberman and P. Ove 
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Fig. 1. A comparison of the growth rates of Appendix and HeLa 
cells in serumless medium and in medium containing 10% human 
serum. (O,()), Appendix; (@), HeLa. The results obtained 
with HeLa in the medium with serum, identical with those with 
Appendix cells under these conditions, are not shown. 


Taste II 
Effect of catalase* 








Final number of cells 


Initial number | Incubation | 
of cells | period . oe ae ~ ie 

| — Catalase | + Catalase 

| days | 
5,000 6 0 63 ,000 
10,000 6 3,000 129 ,000 
20,000 6 29 ,000 296 ,000 
40,000 4 | 82,000 281,000 
65,000 4 152,000 359 ,000 
100,000 3 | 226 ,000 369 ,000 





* The Appendix cells were washed and suspended in serumless 
medium from which catalase had been omitted. The indicated 
numbers of cells were inoculated into T-fiasks containing catalase 
(0.34 wg of protein) as indicated. Incubation and enumeration of 
cells were carried out according to the standard assay procedure. 


an 11-fold increase in glucose concentration was essentially with- 
out effect. In the presence of insulin, no further enhancement 
in growth rate was provided by fructose or the increased level of 
glucose. 

Added to the serumless medium, p(+)-mannose, p(+)-galac- 
tose, and maltose (each 0.02 m) were slightly inhibitory both in 
the absence and presence of insulin. 

Insulin Concentration and Glucose Utilization—It was of inter- 
est to determine the relationship of glucose utilization to the 
number of new cells formed over a wide range of insulin concen- 
trations (Table III). As shown in the table, regardless of the 


insulin level, glucose consumption was proportional to the cell 
yield. 


Versene—The increased yield of Appendix cells afforded by 
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Fic. 2. Effect of insulin (0.04 unit per ml) on the growth of 
Appendix cells in the serumless medium. 
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Fig. 3. Comparison of the effects of amorphous (@) and 5 times 
crystallized insulin (O) on growth in the serumless medium. 
Each culture flask received 25,000 Appendix cells and growth was 
estimated after 5 days of incubation. 


the addition of Versene to the serumless medium is shown in 
Table IV. As can be seen from the table, 5 & 10-5 m Versene 
Higher levels of 


provided about a 2-fold increase in cell crop. 
the chelating agent were toxic. 
“Nonessential” Amino Acids and Ascorbate—The qualitative 
differences between the basal medium employed in these studies 
and that of Eagle (9) are the presence only in the former of 
“nonessential”? amino acids (glycine and the L-isomers of alanine, 
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serine, aspartate, glutamate, and proline), ascorbate, and gluta- 
thione. A stimulatory role for some of these additional compo- 
nents was evidenced when a comparison was made of growth in 
serum-free mixtures prepared with each of the basal media (Table 
V). As indicated in the table, identical results were obtained 
in both mixtures upon supplementation of Eagle’s basal medium 
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Fic. 4. The effect of cysteine, NaOH, and H.SO, on the growth- 
enhancing activity of insulin. The reaction mixture with cysteine 
(1 ml) (@——@) contained 0.3 ml. of crystalline Zn-insulinate (40 
units per ml., pH 7), 0.6 ml of absolute ethanol, and 0.1 ml of 
cysteine (2.5%, pH 7). Ina control mixture (O——O), 0.1 ml of 
NaCl (2.5%) was substituted for the cysteine. After incubation 
(30°) for 3 hours, the ethanol was removed in a vacuum. For 
treatment with acid ((]— ) or base (™@-——), to aliquots of 1 
ml of crystalline Zn-insulinate (4 units per ml) was added 0.03 ml 
of H»SO, (1 N) or NaOH (1 N). After 3 hours at 35° the mixtures 
were cooled and neutralized. Assay of the various insulin prep- 
arations was carried out with 25,000 Appendix cells in serum-free 
medium lacking insulin and growth was estimated after 6 days. 
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Fig. 5. The effect of fructose and an increased level of glucose 
on growth in serumless medium (containing 0.005 m glucose) lack- 
ing insulin. The culture flasks, before inoculation with 25,000 
Appendix cells, received 0.08 unit of crystalline Zn-insulinate, 
0.025 ml of fructose (2 m), or 0.025 ml of glucose (2 m) as indicated. 
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with both the “nonessential” amino acids and ascorbate. Serine 
plus glycine was only partially effective in replacing the amino 
acid mixture and glutathione was without effect. 


DISCUSSION 


It is indeed encouraging to be able to grow two cultured hu- 
man cells (Appendix and HeLa) in a medium approaching 
chemical definition. On the other hand, there remains yet a 
good deal to learn about their growth requirements. Thus, in- 
definite multiplication in the serumless solution does not occur 
nor can single cells be propagated in it. 

Under the conditions of the growth assay, exclusive of the 
basal medium and of catalase, growth is not prevented by the 
omission of any single component. It can be hoped that with 
the elucidation of the growth requirements of single cells, a 
sharper picture will be obtainable and, in addition, the impor- 
tance of compounds like vitamin By. and triiodothyronine will 
be assessable. 

The marked effect of insulin on the growth of cultured cells 
makes worthy of consideration the possibility that they may be 
a better tool than other cellular systems for the study of the 
mechanism of action of the hormone. Particularly attractive 
is the ability to work with cell monolayers in a readily manip- 
ulable environment. Furthermore, lengthy growth experi- 
ments are not necessary. With large numbers of cells the effect 
of insulin is detectable after a relatively short period. Thus, in 
15 hours the utilization of glucose by 400,000 Appendix cells in 
the serum-free medium (1 ml) was 2.4 and 4.0 ywmoles in the 
absence of added insulin and with 0.04 unit of the 5 times crys- 
tallized hormone, respectively. 

With one of the other growth factors, the protein factor, inter- 
est now lies in determining whether it plays a role in vivo. Al- 
though it seems to act, at least in part, by endowing the cul- 
tured cells with a positively charged membrane, the nonbiologic 
glass surface is an important component of the system. Whether 
some cells in vivo rest on negatively charged surfaces with the 
aid of this protein remains to be determined. Although it does 
not answer the question, it is of interest to note that rabbit kid- 
ney cells growing in vitro for only several days attach to a glass 


TaBLe III 


Insulin concentration and glucose utilization* 











Insulin phe ang — A glucose ome encom 
ena umoles/flask | 
0 80,000 2.4 0.30 
1.3 X 104 | 120,000 3.0 0.25 
4.0 X 10 194,000 5.3 0.27 
isk Ww 251,000 7.0 0.28 
4.0 X 10-3 267 ,000 8.9 0.33 
1.3 xX 0? 310,000 9.4 0.30 
4.0 X 10° 342 ,000 9.8 0.29 
1.3 X oO" 334,000 9.8 0.29 





*The Appendix cells in the serumless medium lacking insulin 
were inoculated into flasks (25,000 cells per flask) containing the 
indicated amounts of 5 times crystallized insulin. After incuba- 
tion for 6 days, growth was estimated by counting cells and glu- 
cose was measured spectrophotometrically after the cells had been 
discarded by centrifugation. 
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TaB_e IV 
Effect of Versene* 


Final number of cells 
Versene Experiment No. 


I II 
pmole/ml 
0 194,000 145,000 
0.005 0 212,000 
0.015 335,000 251,000 
0.05 463 ,000 281,000 


* The Appendix cells suspended in the serum-free mixture lack- 
ing Versene were inoculated into flasks (25,000 per flask) contain 
ing the indicated amounts of the chelating agent. Growth was 
estimated after 7 (Experiment I) or 5.5 days (Experiment IT). 


TABLE V 


Effect of ‘‘nonessential’’ amino acids and ascorbate* 


Basal medium Additions Number of cells 
Eagle None 126 ,000 
Eagle “‘Nonessential’’ amino acids 166 ,000 
Eagle ascorbate 123 ,000 
Lagle ‘‘Nonessential’”’ amino acids + | 265,000 

ascorbate 
Modified Healy None 264 ,000 


et al. 


* The Appendix cells, suspended in serum-free mixtures iden 
tical except for the basal medium, were added to flasks (25,000 
cells per flask) which had previously received as indicated 0.01 
ml of a solution containing glycine (0.25 m) and the L-isomers of 
serine (0.1 m), sodium glutamate (0.2 m), sodium aspartate (0.1 
m), alanine (0.1 mM), and proline (0.15 m) or 0.02 ml of freshly pre- 
pared sodium ascorbate (0.03 m). 
5 days. 


Growth was estimated after 


surface and assume a flattened appearance in the presence but 
not in the absence of protein factor preparations.® 


SUMMARY 


A serumless medium has been prepared which supports the 
growth of two cultured cells of human origin, Appendix and 
HeLa, at rates approaching those obtained with serum. 

The components of the growth mixture include a partially 
purified serum protein (protein or flattening factor), catalase, 
insulin, and Versene (ethylenediaminetetraacetate). With 
regard to insulin, the evidence is consistent with the identity of 
the hormone and the growth-enhancing activity. 

The cultured cells studied have still unknown growth require- 
ments; indefinite multiplication does not occur in the serum!free 
medium nor can colonies be formed from single cells. 
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It has been found that certain urinary quinoline derivatives 
could be eluted from Dowex 50 (H*) columns by washing with 
a large volume of water (1-3). The present study concerns an 
examination of urine from normal swine and rabbits for various 
quinoline derivatives. 

Seven quinoline derivatives were identified in the urine of 
these two species, including two apparently new urinary products 
and two which were previously isolated from urine only under 
special conditions (2, 4). 


EXPERIMENTAL 


Materials and Methods 


Reagents—Most of the synthetic quinoline derivatives were 
available from material used in previous studies (1, 2, 4). 

The method of Hammick and Dickinson (5) was used to pre- 
pare the acid chloride of quinaldic acid from which quinaldyl- 
glycine was synthesized according to Meyer and Graf (6). 

Dowex 50 (H+) and Dowex 1 (HCOO-) were prepared as 
previously described (7, 8). Dowex 2 (HCOO-) and Dowex 2 
(CH;COO-) were prepared by washing the (Cl-) form of the 
resin (200 to 400 mesh, 10% cross linkage) with a 2 m solution 
of the sodium salt of the appropriate acid until a negative test 
for Cl- ion was obtained and then with 4 that volume of the 2 
n acid (8). 

Paper Chromatography—Ascending paper chromatography was 
used to assist in the purification and identification of the various 
quinoline derivatives. Whatman No. 1 and No. 3 MM papers 
were used with the solvent system of Mason and Berg (9) with 
1 ml per 100 ml additions of glacial acetic acid, formic acid, or 
15x NH,OH. In addition, the organic phase of butanol-acetic 
acid-and water (4:1:5) was used as described by Dalgliesh (10), 
and in some instances 80% propanol and water was used. The 
papers were examined under ultraviolet light for selection of the 
appropriate areas for elution with 50% ethanol. Reference 
compounds were run on the chromatograms to aid in the identi- 
fication of the natural products. Ultraviolet spectra were 
determined with Beckman model DU spectrophotometer, in 0.1 
aw phosphate buffers at pH 2.0, 7.4, and 12.0 

Urine Collections—Two male rabbits weighing 3 and 4 kg and 
4 litter mate pigs (2 of each sex) weighing about 14 kg each were 
fed a stock grain diet during the periods when the urine was 


* Supported in part by grants from the National Institute of 
Arthritis and Metabolic Diseases (No. A-1127 (C)), United States 
Public Health Service; from the American Cancer Society; and 
from the Wisconsin Division of the American Cancer Society. 

+ American Cancer Society-Charles S. Hayden Foundation 
Professor of Surgery in Cancer Research. 


being collected in screen-bottomed metabolism cages. The 
urine was collected under toluene and frozen until used. 

Isolation of Quinoline Compounds from Urine—The rabbit 
urine (9.5 liters) was acidified to 0.2 n with HCl and passed 
through a column of Dowex 50 (H+)-(7.0 cm. in diameter « 23.0 
em. long). This column was then washed successively with 
10 liters of 0.2 Nn HCl, 10 liters of 0.5 N HCl, and 1.5 liters of wa- 
ter, which were discarded. The Dowex 50 column was then 
washed with 90 liters of water which was passed directly 
through a column of Dowex 1 (HCOO-) (4.5 cm in diameter 
X 13.0 cm long). Small amounts of quinaldic acid and all of the 
kynurenic acid, xanthurenic acid, 8-hydroxyquinaldic acid, 6-hy- 
droxykynurenic acid, quinaldylglycine, and xanthurenic acid 
ether were eluted under these conditions. To elute the major 
portion of quinaldic acid from the Dowex 50 column it was 
washed with another 40 liters of water and the water effluent 
was similarly passed through a second smaller column of Dowex 
1-formate. Two similar collections of pooled rabbit urine were 
handled in an identical manner. The larger Dowex 1-formate 
columns were eluted with 2 liters each of 6 N and 12 n formic 
acid and the smaller columns were eluted with 2 liters of 12 
N formic acid. The acid effluents were evaporated to dryness 
under reduced pressure. Collections of pooled pig urine (6.3, 
9.0, and 18 liters) were handled in an identical manner, except 
that the Dowex 50 effluent was all collected on one Dowex 1- 
formate column and eluted with 12 n formic acid. 

Separation of Kynurenic Acid, Xanthurenic Acid, Quinaldic 
Acid, Quinaldylglycine, 6-Hydroxykynurenic Acid, and 8-Hy- 
droxyquinaldic Acid on Dowex 2 (HCOO-)—Three to 5 mg of 
each of the above synthetic compounds were eluted from a 
Dowex 2 (HCOO-) column (1.6 cm in diameter x 20 cm long) 
by a gradient elution (11) with formic acid. With 500 ml of 
water in the mixer, and 12 n formic acid in the reservoir, 4.5 ml 
of the effluent were collected in each of 200 tubes in 20 hours. 
Paper chromatography of the effluent revealed that the contents 
of the tubes were as follows: Tubes 21 to 36, quinaldic acid; 
Tubes 69 to 80, quinaldylglycine; Tubes 80 to 94, 6-hydroxy- 
kynurenic acid; Tubes 90 to 108, 8-hydroxyquinaldic acid; Tubes 
98 to 110, kynurenic acid; and Tubes 145 to 158, xanthurenic 
acid. 

Separation of Quinaldic Acid, Quinaldylglycine, 8-Hydrozry- 
quinaldic Acid, Kynurenic Acid, 6-Hydrorykynurenic Acid, and 
Xanthurenic Acid on Dowex 2 (CH;COO-)—The above synthetic 
compounds (3 to 5 mg of each) were applied on a Dowex 2-acetate 
column (1.6 cm in diameter x 20 cm long) and eluted by gradi- 
ent elution with acetic acid. The mixer contained 500 ml of 3 
N acetic acid, the reservoir contained 13 Nn acetic acid, and 4.5 
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ml of the effluent were collected in each of 200 tubes in 24 hours. 
Paper chromatography showed that Tubes 18 to 30 contained 
quinaldic acid, Tubes 64 to 80 contained quinaldylglycine, while 
8-hydroxyquinaldic acid was found in Tubes 110 to 132. Kynu- 
renic acid and 6-hydroxykynurenic acid were not separated under 
these conditions and were eluted together in Tubes 150 to 190, 
while xanthurenic acid remained on the column. 

Purification Procedure—The contents of the appropriate tubes 
containing the fractions indicated above were pooled and the 
solvent was removed on a water bath under reduced pressure. 
Most of the fractions were further purified by paper chromatog- 
raphy in one to three of the solvent systems described above. 
The effluents from paper strips or anion exchange resins were 
usually contaminated with debris. Thus, the final step in the 
purification procedure was almost always elution from Dowex 
50 (H+) with water, and upon removal of the water the residue 
was left in an excellent state of purity. 


Studies with Rabbit Urine 


Isolation of Quinaldic Acid—The residue obtained from the 
second (smaller) Dowex 1-HCOO~ column described in the 
isolation procedure for rabbit urine was dissolved in water con- 
taining a few drops of 15 Nn NH,OH. This solution was then 
passed through a Dowex 2-HCOO- column and eluted with 
gradient elution in the manner described above. The contents 
of Tubes 24 to 41 were pooled and evaporated to dryness under 
reduced pressure. The residue was dissolved in 50% ethanol 
and purified by paper chromatography with three of the above 
solvent systems. The purified material was dissolved in water 
containing a few drops of 15 n NH,OH, and this solution was 
passed through a column of Dowex 1-HCOO- (0.9 em in diam- 
eter <X 6.0 cm long) and eluted with 500 ml of 6 N formic acid. 
White crystalline material was deposited when the formic acid 
was evaporated under reduced pressure. About 4 mg. of the 
material were decarboxylated by heating at 250° (4, 12) and 
the quinoline was isolated as the picrate. Determination of quin- 
aldic acid in four 24-hour collections of urine from 2 normal 
rabbits was carried out by a method described previously (13). 

Identification of Quinaldic Acid Glycine Conjugate—The residue 
obtained from the 6 N formic acid from the first (larger) Dowex 
1-HCOO- column was dissolved in aqueous ethanol and on cool- 
ing some kynurenic acid crystallized out. After filtration, the 
solution was evaporated to dryness under reduced pressure and 
the residue was chromatographed on a column of Dowex 2- 
acetate. Tubes 60 to 82 contained quinaldylglycine which was 
purified by paper chromatography and a Dowex 50 column as 
described above. 

Part of the above material (about 500 to 600 ug) was hydro- 
lyzed by refluxing with 6 nN HCl for 5 hours. The hydrochloric 
acid was removed from the hydrolysate under reduced pressure 
and paper chromatography of the hydrolyzed material was 
carried out in the above solvent systems. The papers were 
examined under ultraviolet light and were then sprayed with 
ninhydrin reagent. 

Isolation of 8-Hydroxyquinaldic Acid—The contents of Tubes 
108 to 132 from the Dowex 2-acetate column used to obtain 
quinaldylglycine were pooled, evaporated under reduced pressure, 
and purified as described above. The crystals obtained were 


identified as previously described (2). 
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Studies with Pig Urine 


The residue obtained after evaporation of the formic acid 
effuents from the Dowex 1-formate column described in the 
isolation procedure, was dissolved in 100 ml of water containing 
a few drops of 15 N NH,OH. An aliquot of 25 ml of this solu- 
tion was applied to a column of Dowex 1-formate (1.2 & 16 em) 
and eluted by gradient elution with formic acid as described by 
Price and Dodge (1). The tubes were kept in the proper posi- 
tion in the fraction collector and the remaining 75 ml of the 
solution were handled in an identical manner with a 25 ml aliquot 
ach time. The compounds were detected in the 200 aliquots by 
paper chromatography. 

Kynurenic acid and 6-hydroxykynurenic acid were found in 
Tubes 76 to 100, the 8-methyl ether of xanthurenic acid was 
found in Tubes 108 to 126, and Tubes 130 to 150 contained 
xanthurenic acid. 

Identification of 8-Methyl Ether of Xanthurenic Acid—The 
residue obtained from the Tubes 108 to 126 was purified by paper 
chromatography and finally by water elution from a column of 
Dowex 50. The 8-methyl ether of xanthurenic acid was identi- 
fied by its ultraviolet spectra, by paper chromatography of the 
products formed after refluxing with 57% hydroiodic acid (1) 
and after decarboxylation at 250-280°. 

Separation of Kynurenic and 6-Hydroxykynurenic Acids—Be- 
sides kynurenic acid and 6-hydroxykynurenic acid, Tubes 76 to 
100 contained a separate spot with strong blue fluorescence (Rp 
0.75). The pooled fraction was evaporated to dryness and 
applied to a column of Dowex 2-formate (1.6 * 20 cm) and 
eluted by gradient elution with formic acid. Paper chromatog- 
raphy of the effluents revealed that Tubes 84 to 96 contained a 
spot identical in Rp and fluorescence with 6-hydroxykynurenic 
acid. Kynurenic acid was found in Tubes 98 to 135. The spot 
with the strong blue fluorescence was not studied further. 

Identification of Kynurenic Acid—The contents of Tubes 98 
to 135 were pooled, evaporated, and the residue was purified by 
treatment with small amounts of charcoal in 50% ethanol. The 
filtrate, on concentration and cooling, deposited colorless crys- 
tals. The crystals were further purified by passing through a 
column of Dowex 50 (H*) (1.6 10 em) and elution with water. 
The water effluent was evaporated and the residue was crys- 
tallized from 50% ethanol to yield white silky needles which were 
identified by ultraviolet spectrum and melting point. 

Identification of 6-Hydroxykynurenic Acid—The contents of 
Tubes 84 to 96 were pooled and purified as described above. The 
isolated product was identified by the method of isolation, ultra- 
violet spectra at the 3 pH values, and by paper chromatography 
of the product formed after decarboxylation by heating at 250- 
280° for 15 minutes. 

Identification of Xanthurenic Acid—The contents of Tubes 130 
to 150 from the Dowex 1-formate column were pooled, evap- 
orated, and the residue was chromatographed on a column of 
Dowex 2-formate. The pooled contents of Tubes 142 to 156 
deposited yellow crystals upon evaporation and these were fur- 
The yellow 
crystals obtained after evaporation of the water effluent were 
recrystallized from 50% ethanol. 

Crystalline kynurenic and xanthurenic acids were isolated from 
rabbit urine in a similar manner. 


ther purified by the procedure described above. 
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TaBLeE I 
Results of paper chromatography of synthetic and natural quinoline 
compounds isolated from normal rabbit urine 
The paper chromatography was carried out in an ascending manner. 

















Solvent system | QA(S)* QA(N) QAG(S) QAG(N) 8-OHQA(S) | 8-OHQA(N) 
Mason-Berg (9) with 1% acetic acid, Rr...| 0.90 0.90 0.88 0.88 0.75 | 0.75 
Mason-Berg (9) with 1% NH,OH, Rr.... | 0.78 0.78 0.77 | 0.77 0.60 0.60 
Butanol-acetic acid-water (4:1:5) (10), Rr.| 0.80 0.80 0.90 0.90 0.75 | 0.75 
80% propanol, Rr : ee. 0.60 0.60 0.64 0.65 | 0.48 | 0.47 
Color reaction with DSA Pika ten | orange-red | orange-red 
Fluorescence in ultraviolet light......... | dark blue | dark blue dark blue | dark blue | orange-red | orange-red 





* The abbreviations used are: N, natural; 8, synthetic; QA, quinaldic acid; QAG, quinaldylglycine; 8-OHQA, 8-hydroxyquinaldic 
acid; DSA, diazotized sulfanilie acid. 


TaB_e II 
Results of paper chromatography of synthetic and natural quinoline compounds present in pig urine 


Whatman No. 1 filter paper was used, and chromatography was carried out in an ascending manner. 











| KA(S)* | KA(N)| XA(S) | XA(N) | XA(D) | Mexacs) | MXACN) hi ow | ON) | Onto’) | OHOIT) | sone) | bisale;, 
Reaction with DSA red red | red | red | red | red | red 
Mason-Berg solvent | 0.60 | 0.60 | 0.64 0.64 | 0.64 | 0. | 0.74 0.55 0.55 | 0.83 | 0.83 | 0.91 | 0.91 
system (9) with 
1% acetic acid, 
Rr | 
Mason-Berg solvent | 0.60 | 0.60/ 0.40 | 0.40 | 0.40 | 0.77 | 0.77 | 0.45 | 0.45 | 0.75 | 0 
system (9) with | 
1% NH,OH, Rr 


Oo 
~I 
— 


75 | 0.91 0.91 


Butanol-acetic acid-| 0.55 | 0.55 | 0.52 0.53 | 0.55 0.55 0.45 0.45 0.80 0.80 
water (4:1:5) (10) | 
Rr | 
Fluorescence under blue blue _ blue- blue- blue- | bright | bright red- red- green | green blue- blue 
ultraviolet light | white | white | white blue blue white | white violet | violet 
Fluorescence in ul- blue blue | yellow | yellow | yellow | bright | bright | vellow | yellow | bright | bright | blue- blue 
traviolet when | blue blue blue blue violet | violet 
exposed to am- | 
monia 


* The abbreviations used are: KA, kynurenic acid; XA, xanthurenic acid; MXA, xanthurenic acid 8-methyl ether; 6-OHKA, 6-hy- 
droxykynurenic acid; 4,6-DiOHQ, 4,6-dihydroxyquinoline; 80Me-4OHQ, 8-methoxy-4-hydroxyquinoline; DSA, diazotized sulfanilie 
acid; S, synthetic compound; N, isolated from pig urine; D, derivative of natural product 


RESULTS the hydrolyzed material showed a ninhydrin-positive spot identi- 

The Ry values (Table 1) of one of the isolated compounds cal with glycine in the solvent system of Mason and Berg (9) 
were identical with synthetic quinaldic acid in the various solvent with added acetic acid os NHOH. , - gt chromatograms 
systems used for paper chromatography. The physical and also revealed a spot which appeared identical in Ry values and 
chemical properties of the isolated material were found to be fluorescence with quinaldic acid. From the above data it ap- 
identical with those described in the literature (4, 12). At pH Pears that the natural compound was the glycine conjugate of 
pa ; ; , ‘ : Qn aldic acid. 
7.4 and 12.0 quinaldic acid had absorption maxima at about 235 4 ildic acid ' : ve ' ' 
and 290 my while at pH 2.0 these peaks shifted to 242 and 320 The natural 8-hydroxyquinaldic acid had Ry values identical 
mu, respectively, and the light absorption at these maxima was with the authentic compound in the different solvent systems 

’ ‘ is 9 s . . 4 ) » . - 
considerably increased in acidic solution. The daily urinary ex- (Table I). The chemic al and physic al properties of these crys- 
cretion of free quinaldic acid ranged from 10.4 to 19.9 umoles tals were identical with those described previously for the natural 
(average 14.6) per rabbit per day compound (2). 8-Hydroxyquinoline obtained by decarboxyla- 

Table I gives the results of paper chromatography of the nat- tion of natural 8-hydroxyquinaldic acid was also identical to that 
ural glycine conjugate of quinaldic acid and the synthetic com- obtained previously (2). 
pound. The spectrum of natural quinaldylglycine was identical The Rr values, fluorescence (Table II), and ultraviolet spec- 
with an authentic sample, with absorption maxima at 238 and 300 = tra at the various pH values of the isolated 8-methyl ether 
mu at all three pH values. The isolated quinaldylglycine was of xanthurenic acid were similar to the authentic compound. 
ninhydrin negative but the results of paper chromatography of | Decarboxylation of the natural compound yielded 8-methoxy- 








2762 


4-hydroxyquinoline which was characterized by paper chroma- 
tography in various solvent systems and found to be indistin- 
guishable from the authentic sample (Table II). The natural 
compound on demethylation with hydroiodic acid yielded a 
product which was found to be identical with authentic xan- 
thurenic acid in Ry values as well as in color reactions (Table 
II). From the evidence presented above it appears that the 
8-methyl ether of xanthurenic acid occurred in normal pig urine. 

Kynurenic acid isolated from pig urine melted! wish decom- 
position at 270-275° alone or on admixture with an authentic 
sample. The ultraviolet absorption spectra were also identical 
with an authentic sample at the three different pH values studied. 
Paper chromatography also indicated the identity of the iso- 
lated kynurenic acid (Table IT). 

6-Hydroxykynurenic acid appeared to be present in very small 
amounts in pig urine. The Ry, values of the compound (Table 
II) and ultraviolet spectra at 3 different pH values were identi- 
cal with authentic 6-hydroxykynurenic acid. The compound 
on decarboxylation yielded a product which was indistinguishable 
from an authentic sample of 4,6-dihydroxyquinoline by paper 
chromatography in the various solvent systems. 

Xanthurenic acid was isolated in crystalline form from pig 
urine. Paper chromatography showed that the compound was 
identical with synthetic xanthurenic acid (Table II). The ultra- 
violet absorption spectrum at 3 different pH values was also 
identical with xanthurenic acid. The compound melted with 
decomposition at 282-283° alone or on admixture with an au- 
thentic sample. 


DISCUSSION 


The isolation of these compounds from urine was greatly 
facilitated by the fact that they were adsorbed on Dowex 50 
(H*) and eluted by exhaustive washing with water. Very few 
of the other urinary constituents were removed from the Dowex 
50 by this procedure (1, 2). However, the large amount of ky- 
nurenic acid in normal rabbit urine made it necessary to use 
isolation procedures different from those described previously (1, 
2). 

There is considerable species variation in the urinary excretion 
of tryptophan metabolites (13-15). Kynurenic acid has long 
been known as a urinary quinoline derivative (16) and is a normal 
constituent of urine of various mammalian species (14). Previous 
studies (17) indicated that little or no kynurenic acid was present 
in pig urine, even during vitamin Bg deficiency, but it has now 
been isolated from normal pig urine. 

Xanthurenic acid was stated to be formed from tryptophan 
only during vitamin Bg deficiency (18). However, xanthurenic 
acid occurred in normal human urine (1, 3). Swine have been 
reported to excrete xanthurenic acid (17, 19), especially during 
vitamin Bg deficiency. In the present work it has been possible 
to isolate xanthurenic acid from normal pig urine. However, 
the amount of xanthurenic acid isolated was much smaller than 
the amounts of kynurenic acid which was present. 

The conversion of kynurenic acid to quinaldic acid and xan- 
thurenic acid to 8-hydroxyquinaldic acid was demonstrated pre- 
viously (2,4). The present work showed that quinaldic acid, its 
glycine conjugate, and 8-hydroxyquinaldic acid also occurred in 
normal rabbit urine. Besides these quinoline compounds, xan- 

1 All melting points were uncorrected including those of 8-hy- 


droxyquinaldic acid and 8-hydroxyquinoline which were taken 
with a Kofler Micro Hot Stage apparatus. 
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thurenic acid was isolated and identified in normal rabbit urine, 
Preliminary studies with urine from the cow and the monkey 
showed that 8-hydroxyquinaldic acid also occurred in the normal 
urine of these two species.? 

Since quinaldic acid and 8-hydroxyquinaldic acid could be iso- 
lated from the urine of animals without administration of their 
known metabolic precursors they may now be regarded as normal 
metabolites of tryptophan. The daily excretion of quinaldic acid 
by the rabbit approximated the quantity of kynurenic acid ex- 
creted daily by human subjects (13). 

The 8-methyl] ether of xanthurenic acid was first identified in 
normal human urine, but could not be detected in the urine of the 
dog or cat (1). It has now been identified in pig urine, but it 
could not be detected in the urine of the rat, cow, or monkey. 
Normal rabbit urine may possibly contain extremely small 
amounts of this material, but it could not be obtained in sufficient 
quantity for identification. 

A new natural quinoline compound, 6-hydroxykynurenic acid 
(20), has now been identified in pig urine. The compound had a 
very strong reddish white fluorescence under ultraviolet light and 
hence a very small amount could be detected by paper chroma- 
tography. This compound had R, values similar to kynurenine 
in the solvent system of Mason and Berg with added acetic acid 
or ammonium hydroxide. However, it could be separated from 
kynurenine by water elution on a column of Dowex 50 (H*) since 
kynurenine remained on the column. 6-Hydroxykynurenic acid 
has been found as a metabolite of 5-hydroxykynurenine (20), but 
the latter has not been found as a natural product. 


SUMMARY 


The major quinoline derivative in both rabbit and pig urine 
was kynurenic acid. Small quantities of xanthurenic 
also isolated. 

Small amounts of the 8-methy] ether of xanthurenic acid and a 
new natural quinoline derivative identified as 6-hydroxyky- 
nurenic acid were found in pig urine. 

Quinaldic acid and 8-hydroxyquinaldic acid were isolated in 
crystalline form from normal rabbit urine. The daily urinary 
excretion of quinaldic acid was found to be from 10.4 to 19.9 
pwmoles per rabbit per day. Quinaldylglycine was obtained in 
spectroscopically and chromatographically pure form from nor- 
mal rabbit urine, but was present in such small amounts that it 
could not be isolated in crystalline form from 12 liters of urine. 

Since quinaldic acid and 8-hydroxyquinaldic acid have been 
shown to be metabolites of kynurenic acid and xanthurenic acid, 
respectively, their occurrence in normal mammalian urine indi- 
cates that they may be regarded as normal metabolites of trypto- 
phan. 

A procedure was described for the separation of kynurenic 
acid, 6-hydroxykynurenic acid, xanthurenic acid, and its 8-methy] 
ether, quinaldic acid and its glycine conjugate, and 8-hydroxy- 
quinaldic acid on ion exchange resins. 


acid were 
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It is known that high concentrations of adenosine 5’-triphos- 
phate in excess over Mg** inhibit the rate of hydrolysis of 
adenosine 5/-triphosphate by actomyosin at an ionic strength 
below 0.1 (1-6). Perry and Grey (5) attributed the inhibition 
to a competition between Mg-ATP?-, the assumed substrate, 
and free ATP for the active site on the enzyme. Weber et al. 
(6), who assumed free ATP to be the substrate, described the 
inhibition as a true substrate inhibition. 

Perry and Grey (5) found that the inhibition by high concen- 
trations of free ATP was removed by Ca?+ in amounts which 
were only a fraction of the total ATP present. In this respect 
the inhibition resembled that by the relaxing factor (7, 8): small 
concentrations of Ca?+ also removed the inhibition of the rate 
of hydrolysis. 

It is known that at low ionic strength the rate of hydrolysis 
of ATP by actomyosin is inhibited in the presence of Mg-EDTA™! 
(5, 9, 10). Under the conditions mentioned here where the 
hydrolysis was inhibited, relaxation of previously contracted 
glycerol extracted muscle fibers takes place (2, 8, 11-16). In 
these cases, including the relaxation with Mg-EDTA?-, it has 
been shown that the addition of small amounts of Ca?*+ abolishes 
the relaxation and leads to contraction (11, 13, 15, 16). 

Since the two inhibitory agents ATP and EDTA are known 
to bind Ca?+, and since Ca?+ restores activity in all cases, the 
possibility might be considered whether those inhibitions might 
be caused by removal of Ca?*+ from actomyosin. In order to 
test this possibility, the rate of hydrolysis of ATP in the presence 
of Mg-EDTA*® was compared to that in presence of high con- 
centrations of ATP. Since the binding constants of both agents 
for Mg?+ and Ca*+ are known (17, 18), various conditions of 
inhibition and reactivation were studied and compared with 
respect to the possibilities of Ca?* binding and release. The 
results are considered as indirect evidence for the view that in 
both cases the inhibition may be caused by the binding of Ca?+ 
to either ATP or EDTA, i.e. by the lowering of the concentra- 
tion of free Ca?*. 


EXPERIMENTAL PROCEDURE 


Preparation of Enzyme—Myofibrils were prepared by a mod- 
ification of Perry’s procedure (19). White muscles of the rabbit 


leg were homogenized by treatment in a Waring Blendor for a 


* This work was supported by the Muscular Dystrophy Asso- 
ciations of America, Inc. 

1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 


period of 5 minutes. The preparation was washed six times; 
each time with about 20 volumes of a solution containing 0.08 
M KCI and 0.02 m histidine at pH 7. The enzyme activity of a 
1.5 to 2% stock suspension decreased at most 20% over a period 
of 2 weeks. However, most of the preparations were used only 
for 1 week. 

Reagents—The concentration of the stock solution of ATP 
(crystalline disodium, Pabst) were determined in the following 
manner: from the total concentration, determined by the optical 
extinction at 259 mu, that of hydrolyzed ATP was subtracted; 
the latter was estimated from the true inorganic phosphate 
according to Lowry and Lopez (20). These values were found 
to agree within 1 to 2% with those obtained by enzymatic de- 
termination according to Bowen and Kerwin (21). 

Solutions of MgCl, CaCl, and EDTA (analytical reagent 
grade) were normalized against a Ca?* standard as described by 
Martell and Calvin (22) MnCl, concentrations are given accord- 
ing to weight. 

Rate Determinations—The final buffer concentration was 0.01 
M histidine at either pH 6.5 or 6.9 as mentioned in the text. 
The pH of solutions of free ATP and ATP chelate as well as of 
free EDTA and EDTA chelate was adjusted separately so as to 
give the desired value at 0.08 ionic strength. 

The nature of the buffer is considered to be without influence 
on the results for the following reasons for the following buffers: 
histidine, maleic acid, tris(hydroxymethyl)aminomethane, and 
glycylglycine at pH 7.0, no difference of rates was observed with 
1 mo total ATP and a total Mg?* of either 2mm or0.2mm. The 
ionic strength was maintained at a value of 0.08 by adjusting 
the concentration of KCl. The amount of enzyme was adjusted 
in such a way that no more than 5 to 15% of the total ATP was 
cleaved. The protein concentration was not determined in 
every stock solution. But when determinations were made it 
was found to vary from 1.2 to 2%. Thus a rough estimate of 
the protein concentrations in the assays can be made according 
to which the concentrations generally varied between 0.1 to 1 
mg per ml. Within the range of myofibril concentrations used, 
the rate of hydrolysis was proportional to the amount of enzyme. 

The experiments (temperature 23.8°) were started by the 
addition of ATP and terminated after exactly 30 seconds with 
trichloroacetic acid or perchloric acid. During the 30 seconds 
the enzyme suspension was vigorously stirred. The protein was 
filtered off with very porous filter paper (filtration time 1 to 2 
minutes) which had been washed free from phosphate with N 
HCl. 


The inorganic phosphate liberated from the ATP was deter- 
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mined according to the methods described by Fiske and Subba- 
Row (23) or Berenblum and Chain (24). 

Calculation of Ionic Species—For the experiments of Fig. 3 
the desired concentrations of Mg-ATP?-, Ca**, and free ATP 
were chosen; the concentrations of the other species were cal- 
culated for pH 6.5 with the use of the following dissociation 
constants: pKy, 4.0, pKc, 3.6, and pKy 6.5 as given by Martell 
and Schwarzenbach (18) for 0.1 m KCl and 20°. According to 
Burton (25) the values are too high but the general conclusions 
of this paper are not affected by such a difference in the dissocia- 
tion constant. The total concentrations of Mg** and ATP as 
given by the sums of their various ionic species were added for 
the enzyme assays (see above). The ionic species in the experi- 
ments of Figs. 2, 4, and 5 were determined by an analogous 
procedure. The variables for which specific values were initially 
chosen were: for Fig. 2 total ATP and free Mg?*, for Fig. 4 
Ca-ATP?- and free ATP, for Fig. 5 total EDTA, total ATP, and 
Mg-EDTA2-. The concentrations of free Ca?*+ in Fig. 6, pro- 
duced by the addition of Ca?+ to a solution of known ionic 
composition, were calculated by successive approximation. The 
dissociation constants for the EDTA compounds were taken 
from Martell and Calvin (17): pK, 8.69, pKe, 10.59, and pKu 
10.26. 


RESULTS 


The rate of hydrolysis of ATP by actomyosin depends on the 
concentration of ATP as well as that of Mg**. The effect of 
Mg?* is qualitatively different for low (2 mm or less) and high 
concentrations of ATP (6 to 8 mm). At a concentration of 1 
mm ATP (Fig. 1) the rate of cleavage is activated by Mg?+ added 
in low concentrations, but inhibited by concentrations exceeding 
those of ATP. At a concentration of ATP of 8 mm the rate of 
hydrolysis as a function of the Mg** concentration is more com- 
plex (Fig. 2). Mg?+ added in a concentration from 0.001 up to 
1 mm activates, but inhibits in the range between 0.1 and 0.5 
mm. On further increase of concentration Mg** activates again 
and the rate of hydrolysis reaches its highest value at 8 mm Mg?*, 
ie. when the ratio Mg:ATP = 1. A further increase in the 
Mg?* concentration to an excess of 4 mm Mg*+ over the ATP or 
a ratio Mg:ATP = 1.5 did not produce a significant inhibition. 
On the other hand such an excess inhibits markedly in the 
presence of low concentrations of ATP as has been reported 
previously (1, 3). 

If, however, in addition to 8 mm ATP, 0.1 mm Ca?* is also 
present, the inhibition by intermediate Mg** concentrations 
disappears and the maximal rate of cleavage is attained at a 
much lower Mg?+ concentration, 7.e. at about 0.5 mm (Fig. 2, 
Curve 2). Actually for intermediate Mg?* concentrations (7.e. 
not more than 2 mM in excess over the ATP concentration) the 
addition of Ca?+ has the result that the rate of cleavage depends 
on Mg?*, in the same manner as it does when the concentration 
of ATP is low and no Ca?+ was added (compare also Curves 2 
and 4 in Fig. 3). The slight inflection of Curve 2 in Fig. 2 pre- 
sumably is not significant since it is not found in all experiments 
(see Curve 4 in Fig 3). 

In Fig. 3 the rate of hydrolysis of ATP is plotted against the 
concentration of Mg-ATP?- for four different concentrations of 
free ATP. With concentrations of free ATP of 8 mm and 1 mm, 


Ca?+ was added in an amount to give a concentration of the free 
ion of 0.007 mm whereas no Ca?*+ was added when the concen- 
tration of free ATP was 0.2 mm and 0.04 mm. 


(These small 
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Fic. 1. Initial velocity of ATP hydrolysis as a function of in- 
creasing total Mg** in presence of 1 mm ATP, pH 6.5, 23.8°. Pro- 
tein concentration at Mg** less than 0.1 mm, 0.2 mg per ml; above, 
0.1 mm, 0.1 mg per ml. P is inorganic phosphate. 
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Fic. 2. Initial velocity of ATP hydrolysis as a function of in- 
creasing total Mg** in presence of 8 mm total ATP. Curve 1, in 
the absence of added Ca?*; Curve 2, after addition of 0.1 mm total 
Ca*+. pH 6.5, 23.8°. P is inorganic phosphate. 


amounts of Ca?* activate hydrolysis very little by themselves 
as may be seen from the low activity at a Mg-ATP?- concentra- 
tion of virtually zero, i.e. when only Ca?+ but no Mg?+ was 
added.) In Curves 2, 3, and 4 the rate seems to depend only on 
the concentration of Mg-ATP?- and to be independent of the 
concentration of free ATP, although this was varied from 0.2 to 
8 mm. In the presence of only 0.04 mm free ATP the rate of 
cleavage is increasingly inhibited with concentrations of Mg- 
ATP*- greater than 0.4 mm. At this point the concentration of 
free Mg?* (which is inversely proportional to the concentration 
of free ATP and increases together with the Mg-ATP?-) is in 
excess of ATP with a value of 2 mm, whereas the concentration 
of ATP is low (see above). 

It is interesting to note that Ca** abolishes the inhibitory 
influence of high concentrations of free ATP when it acts in 
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Fia. 3. Initial velocity of ATP hydrolysis as a function of Mg- 
ATP* in presence of four different concentrations of free ATP. 
Curve 1, 0.04 mm; Curve 2,0.2 mm; Curve 3, 1 mm; Curve 4, 8 mm. 
pH 6.5, 23.8°. Curve 3, 0.02 mm Ca*+; Curve 4, 0.11 mm Ca?*. 
The total concentration of Mg?+ for each point is given by Mg- 
ATP? + Mg-ATP?--10-4/0.5-(ATP-? + ATP-‘). P is inorganic 
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Fia. 4. Initial velocity of ATP hydrolysis as a function of Ca- 
ATP* at three different concentrations of free ATP (as indicated 
on the curves). pH 6.5, 23.8°. Protein concentration for Curve 
1, 0.12 mg per ml; Curve 2, 0.12 mg below 1 mm Ca-ATP?- and 0.24 
mg per ml above; Curve 3, 0.9 mg per ml. The total concentra- 
tion of Ca** is given by Ca-ATP?- + Ca-ATP?--2.51-10-4/0.5- 
(ATP-* + ATP‘). P is inorganic phosphate. 


combination with Mg?+ but that it does not do so when it is the 
only activating ion present. In Fig. 4 the initial velocity of the 
rate of hydrolysis of ATP is plotted versus the concentration of 
Ca-ATP?- for three different concentrations of free ATP. At 
concentrations of Ca-ATP*- above 0.1 mm hydrolysis is con- 
siderably inhibited by free ATP although even the lowest con- 
centration of free Ca?* (in the experiments with 8 mm free ATP) 
is 6 X 10-° m (it was 7 X 10-° m in the Mg experiment) and rises 
proportionally with the concentration of Ca-ATP?-. At con- 
centrations of Ca-ATP?- below 0.1 mm the relationship appears 
to be reversed: the enzyme activity is increased by increasing 
concentrations of free ATP. This latter effect might be caused 
by the presence of contaminating divalent ions. A contamina- 
tion by divalent ions is suggested by the following facts. (a) 
Even in very well washed preparations ATP is always hydrolyzed 
although no divalent ions were added; (6) this hydrolysis is 
completely abolished by 10 mm EDTA. 


Actomyosin and Calcium Ion 


Vol. 234, No. 10 


In the experiments of Fig. 5, 0.05 mm EDTA was present and 
the concentration of ATP was kept low at 1 mm. The rate of 
hydrolysis of ATP depends on the concentration of Mg** in a 
complex manner similar to Fig. 2. The concentrations of total 
Mg? which produce activation and inhibition differ: inhibition 
begins above 0.01 mm and the highest activity is obtained with 
2.5 mM, corresponding to a ratio of Mg:EDTA of 500. This 
rate, however, amounts to only about 80% of the maximal rate 
in absence of EDTA. On further increase of the concentration 
of Mg?* that of the free ion increases above 2 mM and is in excess 
of ATP (Mg:ATP = 8) and consequently Mg*+ becomes in- 
hibitory. 

The inhibition which is caused by Mg** in concentrations 
below 1 mm in the presence of EDTA is removed by the addition 
of Ca?*+. This is demonstrated by Curve 2 in Fig. 6 which shows 
the reactivation of the hydrolysis as a function of increasing 
concentrations of the free Ca?+ ion (Ca?+ binding by the enzyme 
and the unknown concentration of contaminating Ca?* are 
neglected in the calculation). For comparison, Curve 1 shows 
the reactivation in presence of 8 mm ATP. The concentrations 
of free Ca?+ which give reactivation agree fairly well for both 
cases. The maximal rates of hydrolysis are different because 
two different enzyme preparations of different activity were 
used. The rates at the plateau are maximal for each preparation 
as established by comparison with the rate in presence of 1 mm 
ATP and 1 mm Mg?+. This agrees with the results of Fig. 3 
since the concentrations of Mg-ATP?- are 0.29 and 0.65 mm and 
since in the presence of free Ca?*+ the rate of hydrolysis apparently 
is not influenced by a ratio Mg: ATP smaller than 1. 

In Fig. 7 the reactivation of the hydrolysis by Ca?+ (Curve 1) 
is compared with that by Mn?+ (Curve 2) in presence of EDTA 
(0.1 mm). Although Mn?* reduces the concentration of Mg- 
EDTA?* to a greater extent since it binds EDTA more strongly 
than does Ca?+ (Kyn-epta = 3.98 X 10-4, Kea-eptra = 2.57 X 
10-") it is less effective than Ca?* in reactivating the hydrolysis. 

An attempt was made to reduce the concentration of the 
contaminating Ca?+ which is assumed to be present by pretreat- 
ing the myofibril preparation with a solution containing 5 mm 
EDTA, 3 mm ATP, and 5 mm Mg*. The preparation was 
subsequently washed with histidine-KC] buffer until the EDTA 
was diluted to 2 x 10-7 m. When the ATPase activity of this 
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Fig. 5. Initial velocity of ATP hydrolysis as a function of in- 
creasing total Mg** in presence of 0.05 mm total EDTA, 1 mm 
P is inorganic phosphate. 


ATP, pH 6.5, 23.8°. 
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preparation was tested as a function of the concentration of 
total Mg?+ in the presence of 2 mm ATP maximal activity was 
not obtained unless Ca?+ was added (Fig. 8). However, 80% 
of the maximal rate was obtained by increasing Mg** alone to a 
concentration equimolar to ATP. At this point Ca**+ produces 
an increase of only 20%. The inhibition was most pronounced 
at a concentration of 0.5 mm Mg?*. 


DISCUSSION 

The addition of Ca?+ in the presence of a high concentration 
of ATP, or of EDTA, leads to an increase in the concentrations 
of Ca?+ and Ca-ATP?-. In either case the rate of hydrolysis 
after the addition of Ca?+ seems to depend on the concentration 
of the free ion since the corresponding concentrations of Ca- 
ATP?- are quite different (see Fig. 6, at 80% activity these con- 
centrations are 0.0008 mm for Curve 2 and 0.019 mm for Curve 1). 
Furthermore, at high concentrations of ATP the increase in the 
concentration of Ca?+ and Ca-ATP?- is the only change conse- 
quent to the addition of Ca**. No significant changes in the 
concentrations of free ATP, Mg-ATP?-, and Mg?+ occur since 
the total amount of Ca?* is less than 1% of the total amount of 
ATP (Fig. 6). Although for the reactivation in the presence of 
EDTA, an amount of Ca?+ which is equal to half the total amount 
of EDTA is needed, and consequently the concentrations of the 
various ionic species of EDTA and ATP do change, the com- 
parison with the reactivation by Mn?* shows that these changes 
do not account for the effect of the addition of Ca?+. This 
suggests that the reactivation may be caused by the increase in 
the concentration of the free Ca ion and may, therefore, be the 
result of an interaction between Ca?+ and the enzyme. 

If the inhibitory action of ATP or EDTA is caused by their 
binding of Ca?+, which is assumed to be present as a contamina- 
tion, it would have to be postulated that high concentrations of 
Mg?* also overcome the inhibition. High concentrations of Mg?+ 
would displace Ca?+ from the chelating agents and thus increase 
the concentration of the free ion. The necessary excess of Mg?+ 
over the chelating compound would have to be greater for EDTA 
than for ATP, corresponding to the fact that EDTA binds Ca?+ 
80 times more strongly than Mg?+, whereas ATP actually binds 
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Fig. 6. Reactivation of ATP hydrolysis as a function of free 
Ca** in presence of: Curve 1, 8 mm total ATP and 0.295 mm total 
Mg**, Mg-ATP 0.286 mm; Curve 2, 0.1 mm total EDTA, 1.1 mm total 
Mg?*, and 1 mm ATP, Mg-ATP?- 0.65 mm. pH 6.5, 23.8°. The 


difference in maximal rates may be attributed to the use of two 
different myofibril preparations (see text). 
phate. 


P is inorganic phos- 
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EDTA, 1 mm ATP, and 1.1 mm Mg** by Ca** (Curve 1) and by 
Mn?* (Curve 2). pH 6.5, 23.8°. P is inorganic phosphate. 
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Fig. 8. Initial velocity of ATP hydrolysis as a function of total 
Mg** after pretreatment of the myofibrils with 5 mm EDTA, 3 
mm ATP, and 5 mm Mg*+. Curve 1, in absence of added Ca**; 
Curve 2, after addition of 0.1 mm total Ca**. 2mm ATP, pH 6.9, 
23.8°. P is inorganic phosphate. 





Mg?+ 2.5 times more strongly than Ca**+. It would be expected 
that a comparison of the concentrations of free Mg?* necessary 
to produce, for instance, 80% of maximal activity in presence of 
high ATP and in presence of EDTA should give 

Mg**epray _ Kuge-epra Mg-EDT A? 

Mg** arp) on Kes-Epra ~Mg-ATP?- 


Kos-aTP 
Kwg-atp 


The ratios of the Mg** concentrations were found to be 1.9 com- 
pared to a calculated value (right hand side of the equation) of 
1.6. 


2 It should be mentioned that this calculation is based on the 
value for 77% of maximal activity as given in Fig. 2 for 8 mm ATP, 
whereas for 0.05 mm EDTA the point of the highest rate of cleav- 
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The relatively good agreement between these values supports 
the view that the inhibitory effect of ATP and EDTA may be 
due to the chelation of Ca?*. 

The inhibition by Mg?+ might be attributed either to the free 
ion or to Mg-ATP?-. In presence of 8 mm ATP the inhibition 
begins when Mg?*+ = 2 X 10-® M, in presence of 0.05 mm EDTA 
when Mg?+ = 0.8 x 10-§ m. Since the respective concentra- 
tions of Mg-ATP?- differ much more, it is probable that the 
inhibition is caused by the free ion. 

It is interesting that Mn**+ which, similar to Mg?* and in 
contrast to Ca**, activates both the rate of hydrolysis and the 
contraction of actomyosin, also inhibits the hydrolysis in the 
presence of high concentrations of ATP. Again the addition of 
small amounts of Ca?+ removes this inhibition. 

The relationship between the rate of hydrolysis and the con- 
centration of Mg** as represented in Fig. 2 does not agree with 
the concept of a competition between ATP and Mg-ATP?- for 
the active site on the enzyme as assumed by Perry and Grey 
(5) nor does it suggest a true substrate inhibition, free ATP being 
the substrate, as assumed by Weber et al. (6). Consequently, 
the two explanations presented so far cannot be maintained and 
another explanation becomes necessary. In addition, the 
experiment of Fig. 3, in which the concentration of free ATP 
was varied over a wide range, does not show any evidence for a 
competitive or noncompetitive inhibition by free ATP. In 
contrast, when Ca*+ is the only activating ion, the results might 
be explained by a competition between Ca-ATP?- and ATP for 
the active site of the enzyme. However, they would fit as well 
the concept that ATP is the substrate and Ca*+ activates when 
bound to another site. In this case, there would be a competi- 
tion among the three components. 

Bozler (26) found Mg?+ and Ca?* to be present in thoroughly 
washed glycerol extracted fiber bundles and was able to remove 
half of the bound Ca?+ by treatment with EDTA. Similar 
findings were obtained with thoroughly washed myofibril prepa- 
rations by Hasselbach (27). A contamination by divalent ions 
is also suggested by the fact that the hydrolysis which occurs 
in the absence of any added divalent ions is suppressed by EDTA. 
More direct evidence for the assumed contamination by free Ca?+ 
specifically is not given here since the total amount of the con- 
taminating Ca?+ which would have to be postulated is very small. 
Reactivation of 80% upon Ca?*+ addition occurred when the 
concentration of the free ion was 1 to 1.2 x 10-® m. If one 
assumed that Mg?*+ produces 80% activity when it displaces 10-® 
mM of the total contaminating Ca**+ from either EDTA or ATP, 
one may estimate the total amount of Ca?* which should have 
been present according to the view presented in this paper. 
According to the equation: 

Ca?** 


Cabou nd Kyg-che late 


Mg** _ 
Mg-chelate 


dal Kca-che late 


age in Fig. 5 was chosen, since this rate amounts to 82% of the 
maximal rate in the absence of EDTA. In contrast, the maximal 
rate in presence of 8 mm ATP is the same as with low ATP. (If 
the ratio of the Mg concentrations for 80% of the maximal activity 
as given in Fig. 5 is compared with the calculated ratio the values 
are 0.9 versus 1.5.) In the presence of 0.05 mm EDTA further in- 
crease of Mg** leads to concentrations of the free ion which are 
inhibitory when the concentration of ATP is low (see above). 
Presumably for the same reason no activation of hydrolysis by 
high concentrations of Mg** does occur with concentrations of 
EDTA higher than 0.1 mm since the concentrations of free Mg** 
necessary to displace Ca** from EDTA fall into the inhibitory 





range. 
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the values obtained would be 1 X 10-*/Casouna = 0.38 with 
0.05 mm EDTA and 0.31 with 8 mm ATP. This gives a value 
of about 4 x 10-* m for the total contaminating Ca?+. Such 
small amounts are difficult to determine directly, particularly 
when there is reason to believe that a contamination with Mg?+ 
also exists. Amounts within this order of magnitude might 
also be reintroduced into a preparation which had been pre- 
treated with EDTA, ATP, and Mg** during the period of wash- 
ing and with the reagents for the assay. This might explain 
why the inhibition after pretreatment with EDTA was rather 
small. 

It might be worth while to investigate whether the Marsh- 
Bendall factor, which is particulate (28, 29) and presumably 
does not interact directly with the myofibrils, acts by binding 
Ca?*+. As mentioned above and similar to the effect of EDTA 
or high concentrations of ATP, relaxation occurs when the 
hydrolysis of ATP is inhibited; Mg?* is necessary for the relaxa- 
tion and small amounts of Ca*+ restore ATP hydrolysis and 
contraction. 


CONCLUSIONS 


The data suggest that the enzyme must be in equilibrium with 
a very low concentration of Ca?+ in order to have a maximal 
rate of ATP hydrolysis with Mg?+ as the activating ion. In 
this case, Mg?+ inhibits only in high concentrations of the free 
ion in excess of 1 to 2 mm. Mg?* at lower concentrations ac- 
tivates in proportion to the concentration of Mg-ATP?-. 

In the absence of Ca?+, Mg?+ exerts a dual effect. It activates 
to a small extent at very low concentrations and it inhibits at 
concentrations of the free ion higher than 1 to 3 x 10-*m. It 
might be suggested that it activates by forming a substrate, 
Mg-ATP?-, but that the hydrolysis of the substrate is inhibited 
when additional Mg?* is bound to another site of the enzyme. 


SUMMARY 


In the presence of 8 mm adenosine 5’-triphosphate (ATP) or in 
the presence of 0.05 mm ethylenediaminetetraacetic acid (EDTA) 
the rate of hydrolysis of ATP by myofibrils was found to depend 
on the concentration of Mg** in a complex manner. Below 1 
to 2 x 10-° m free Mg?+ the hydrolysis is activated whereas at 
higher concentrations it is inhibited. A further increase leads 
to a maximal activation at a concentration different for 8 mm 
ATP and EDTA. The highest concentrations of Mg?*+ produce 
a second inhibition in the presence of EDTA. 

The concentrations of Mg?+ for the second and maximal 
activation agree in both experiments when they are compared 
with theoretical values which were calculated on the assumption 
that Mg?+ displaces a similar amount of Ca?+ from either ATP 
or EDTA. 

In presence of 8 mm ATP Mn** was found to be inhibitory 
also. 

Reactivation by the addition of Ca** was found to occur at a 
concentration of the free ion which was similar in the presence 
of ATP and EDTA. Mn** was found to reactivate maximally 
only in concentrations nearly equimolar to EDTA. 

When free Ca?+ is present at 6 X 10-® and the concentration 
of free ATP is high, the rate of hydrolysis with Mg?* as the 
activating ion was found to depend only on the concentration of 
Mg-ATP2- and not to be inhibited by free ATP. In contrast, 
if Ca?+ was the only activating ion the rate of hydrolysis was 
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found to be inhibited by free ATP even when the concentration 
of free Ca?+ was higher than 5 X 107° M. 

After pretreatment of the myofibril preparation by EDTA the 
rate of hydrolysis was 45% inhibited at 0.5 mm Mg?* and 20% 
at Mg?+ equimolar to ATP. The addition of Ca** resulted in 
100% activity. 
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In this study a number of carboxylic acids were found to in- 
hibit the kynurenine transaminase of rat kidney. The degree of 
inhibition by an acid depends on the number and spacing of its 
anionic groups, on the number of methylene groups and on cer- 
tain other structural and steric factors. The inhibitions are of 
a competitive type and appear to be related to the substrate 
specificity of the enzyme. Based on these relationships and 
their variation with the pH of the incubation mixtures, the pres- 
ence of two cationic groups, separated by a measurable interval, 
at the active site of the enzyme is postulated. 


EXPERIMENTAL PROCEDURE 


t-Kynurenine sulfate monohydrate was prepared as described 
earlier (1). a-Keto acids were purchased from Sigma Chemical 
Company. The organic acids, obtained from various sources, 
showed melting or boiling points in agreement with published 
values and neutralization equivalents in satisfactory agreement 
with theoretical values. Enzyme activity measurements were 
based on the formation of kynurenic acid during incubation for 
30 minutes at 37° (1). Unless indicated otherwise, all assays 
were made in a total volume of 1 ml which contained initially 6 
pmoles of a-ketoglutarate, 3.7 wmoles of kynurenine sulfate, 60 
pmoles of potassium phosphate buffer, pH 6.3, and 30 ug of 
pyridoxal phosphate. Other conditions of assay and the method 
of enzyme preparation were described earlier (1). 


RESULTS AND DISCUSSION 


Seventy organic acids were tested as inhibitors of the kynure- 
nine transaminase of rat kidney (Table I). Lineweaver-Burk 
plots (3) of inhibition data show that a variety of monocarboxylic 
and dicarboxylic acids compete with kynurenine for the holoen- 
zyme (Fig.1). Similar plots based on the relationship of activity 
to a-ketoglutarate concentration indicated failure to achieve 
first order kinetics over a wide range of keto acid concentrations 
and, therefore, are not presented. Reversibility of the binding 
reaction was also shown for various acids by a decrease in the 
degree of inhibition during dialysis (Table II). The reason that 
the inhibited systems became even more active than the unin- 
hibited ones during dialysis may possibly be related to the stabi- 


* This work was supported in part by a grant (A-2294) from the 
National Institute of Arthritis and Metabolic Diseases, United 
States Public Health Service, and by an equipment grant from 
the Horace H. Rackham School of Graduate Studies, University 
of Michigan. 

+ A preliminary report of this study was presented before the 
American Society of Biological Chemists, Philadelphia, Pennsyl- 
vania, April 15, 1958 (2). 


lization of glutamate-aspartate transaminase by dicarboxylic 
acids as noted by Jenkins et al. (4). 

Of the various acids tested, members of the straight-chain 
monocarboxylic and dicarboxylic acid series provide most of 
the evidence concerning the nature of the inhibitory interac- 
tions. The monocarboxylic acids of more than 6 carbon atoms 
(Nos. 6 to 10 in Table I) inhibit the system to degrees which are 
directly proportional to their chain lengths (Fig. 2). Dicar- 
boxylic straight-chain acids of 8 or more carbon atoms (Nos. 17 
to 22 in Table I) similarly increased in effectiveness with increas- 
ing chain length. a,w-Dicarboxylic acids of shorter chain 
lengths such as glutarate, adipate, and pimelate also inhibited 
the system, adipate being maximally inhibitory. We have con- 
sidered the possibility that the variation in the degree of inhibi- 
tion produced by these latter members of the dicarboxylic acid 
series arises from variations in the distances separating their 
anionic charges and that maximal inhibition is obtained with 
acids whose charge separations match the spacing of cationic 
groups located at the active site of the enzyme. An interval 
between the cationic groups of about 11 A is indicated if one 
assumes optimal bridging occurs with adipate in its fully ex- 
tended form. 

Comparison of the inhibitory actions (Table I) of the straight- 
chain dicarboxylic acids with their branched-chain isomers pro- 
vides support for this interpretation. Of the isomers of adipate 
(65% inhibition), 3-methylglutarate inhibited 47%; 2-methyl- 
glutarate, 15%; and 2,2-dimethylsuccinate, 2%. Of the iso- 
mers of pimelate (30 % inhibition), 3,3-dimethylglutarate 
inhibited 56%; 2,2-dimethylglutarate, 35%; and 2,2’-dimethyl- 
glutarate, 33%. Although suberate inhibited only 2%, its iso- 
mer, 3-methyl-3-ethylglutarate, inhibited 39%. In all cases the 
isomers with chain lengths resembling those of glutarate and 
adipate were more effective than those with longer or shorter 
lengths. 

Support for the proposed relationship is also found in the 
differences of inhibitory potencies of the o- and m-isomers of 
phthalate (14 and 35%, respectively). The inhibition by the 
p-isomer (only 9%), on the other hand, is inconsistent with the 
proposal; the p-isomer is least inhibitory even though its charge 
spacing should be nearest the optimum represented by adipate 
and glutarate. A possible explanation is that the rigid phenyl 
ring structure prevents simultaneous approach of both anionic 
groups of the p-isomer to the cationic sites of the enzyme. A 
similar hindrance is suggested by the difference between 2, 2-di- 
methylglutarate (35% inhibition) and 3,3-dimethylglutarate 
(56% inhibition) and by the decreasing effectiveness of the 3- 
substituted glutarates with increasing size of substituting alkyl 
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groups, e.g. 3,3-dimethylglutarate (56%), 3-methy]-3-ethylglu- 
tarate (39%), and 3,3-diethylglutarate (20%). 

Although two cationic sites must be invoked to explain the 
inhibitions by glutarate, adipate, and pimelate at pH 6.3, such 


TABLE I 
Inhibition of kynurenine transaminase activity 
by various organic acids 




















Test compound | | Test compound | I* 
1% % 
1. Formic acid........... | @ boxylic acid.........| —7 
2. Acetic acid............| 0 | 39. Benzene-1,2,4,5-tet- 
3. Propionic acid...... | 0 racarboxylic acid....| —1 
4. n-Butyric acid........| 0 | 40. 2,2’-Diphenic acid....| 30 
5. n-Valeric acid.........| 0] 41. Quinolinic acid........ 8 
6. Caproic acid.......... | 1] 42. u-Malic acid........ ; 0 
7. Heptanoic acid........| 8 | 43. Maleic acid........... 0 
8. Caprylic acid........ | 15} 44. Fumaric acid.......... 0 
9. Nonanoic acid...... | 24] 45. u-Tartaric acid........ 0 
10. Capric acid.......... | 41 | 46. 2-Ethyleaproic acid...| 3 
11. Oxalie acid............. | | 47. Thiodibutyric acid....} 11 
12. Malonic acid.......... 0 | 48. 2,2-Dimethylsuccinic 
13. Succinic acid..........| 0 MN he’ icy as sue sé 
14. Glutaric acid....... ; | 8 | 49. 2-Methylglutaric 
15. Adipic acid........... | 65 SERRE epee ree 15 
16. Pimelic acid. ......... 30 | 50. 2,2-Dimethylglutaric 
17. Suberic acid..........| 2 EE it aa ae tile 35 
18. Azelaic acid........... | 35 | 51. 2,2’-Dimethylglutaric 
19. Sebacic acid..........| 65 MR i me fcare es 6 Se 33 
20. 1,10-Decanedicarbox- | 52. 3-Methylglutaric acid.| 47 
2. re | 74| 53. 3,3-Dimethylglutaric 
21. 1,11-Undecanedicar- | Be eee 56 
boxylie acid........ | 78 | 54. 3-Methyl-3-ethylglu- | 
22. 1,14-Tetradecanedi- ee | 39 
carboxylic acid......| 87 | 55. 3,3-Diethylglutaric 
23. Benzoic acid.......... 0 I See caer tat 20 
24. y-Phenylacetic acid. . 0 | 56. 3-Hydroxy-3-methyl- 
25. y-Phenylpropionic glutaric acid........ | 27 
acid. . Pr ee 2 | 57. B-Ketoglutarie acid...| 0 
26. y-Phenylbutyric acid | 9 | 58. B-Ketoadipic acid. .... 33 
27. a-Phenylbutyric acid..| 11 | 59. trans, trans-Muconic 
28. Cyclohexane carbox- | Es ae chew 6 cuca | O 
yue aeid........ vee] 0 | 60. 2,2’-Dihydromuconic 
29. y-Cyclohexane butyric | ers eee | 33 
— eee eee |. a eee 9 
30. Phthalic acid. ...... 14 | 62. Propane-1,2,3-tricar- | 
31. Isophthalic acid.......| 35 boxylic acid......... | 4 
32. Terphthalic acid......| 9 | 63. Butane-1,2,3,4-tetra- | 
33. Cyclohexane-l ,2-di- carboxylic acid...... | —5 
carboxylic acid..... | 9| 64. Mucie acid............ | 9 
34. cis-4-Cyclohexene- 65. Saccharic acid........| 8 
1 ,2-dicarboxylic 66. Itaconic acid..........| 2 
acid.... ape ..| 9 | 67. 1,5-Naphthalenedisul- 
35. Benzylmalonic acid...| 9 fonic acid........ 24 
36. m-(Phenylenedioxy)- 68. 8-Indolepropionic 
diacetic acid........| 23 | aes oe 
37. o-(Carboxymethoxy)- | | 69. a,a’-Diaminopimelic | 
benzoic acid........| 38 WE 6. odesas eeak . 0 
38. Benzene-1 ,3,5-tricar- 70. p-Quiniec acid....... | 3 








* Percentage inhibition (I) was determined by comparison with 
an uninhibited control. All acids were tested at 6 X 10-* m ex- 
cept the phthalic acids, which were tested at 12 X 10-* M, and the 
straight-chain, dicarboxylic acids larger than sebacate (Nos. 20 
to 22), which were tested at 3 X 107? m. 
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Fig. 1. The competitive nature of the inhibition of kynurenine 
transaminase by (1) adipate, (2) 3-methylglutarate, (3) pimelate, 
(4) 3-methyl-3-ethylglutarate, (5) caprate, (6) azelate, (7) 3,3- 
diethyl glutarate, and (8) 3,3-dimethylglutarate. 1/[kyn] is the 
reciprocal of the molarity of kynurenine. 1/v is the reciprocal of 
the number of wmoles of kynurenic acid formed per minute under 
incubation conditions which were standard (see ‘‘Experimental 
Procedure’) except for the variation of kynurenine concentra- 
tions. Acids 1, 5, and 8 were tested at 6 X 107° M, 4 and 6 at 9 X 
10-* m, and 2, 3, and 7 at 12 X 10°? M. 


an explanation is not needed to rationalize their behavior at 
pH 8 (Fig. 2). At the higher pH value, the potencies of the 
dicarboxylic acids are very similar to those of their monocar- 
boxylic analogues. The structural basis of the specificity exist- 
ing at pH 6.3 must therefore be largely lacking at pH 8. In 
terms of the proposed mechanism, one of the cationic sites may 
have disappeared making the dicarboxylic acids similar to the 
monocarboxylic acids in their dependence for their interaction 
with the enzyme on hydrophobic binding and electrostatic at- 
traction to a single cationic site. 

A more detailed study (Fig. 3) of the effect of pH on the in- 
hibitory action of several acids supports the above interpretation. 
The sigmoid curves relating percentage inhibition to pH are 
very similar in shape and range to proton dissociation curves, 
hence they may trace the disappearance of the cationic charge 
as protons are dissociated. The relatively small variation of 
the inhibitory effectiveness of the monocarboxylic acids with 
changing pH probably indicates that the disappearing group has 
little to do with their interaction with the enzyme. 





2772 


TABLE II 


Reversal of inhibitory action of dicarbozylic acids on kynurenine 
transaminase action by dialysis 








| | 

| | Enzyme activity* 
| 
| 











Experi- she Inhibi | 
saat Inhibitor | PR adie After 24 
| | dialysst | ows of 
, | M | 
1 | None | | 0.788 | 0.629 
| 3,3-Dimethylglutarate 6 X 10-3 | 0.222 0.733 
| Sebacate 1X 10°? | 0.427 0.731 
2 | None | | 0.640 | 0.417 
| Adipate | 6X 107? | 0.116 | 0.664 
| | | 





* Activity is compared here on the basis of change in the optical 
density at 333 my which is proportional to kynurenic acid forma- 
tion (1). 

t For dialysis, enzyme solutions in 0.06 M phosphate buffer, pH 
6.3, with or without organic acid inhibitors, were incubated at 
37° for 30 minutes and then placed in cellophane bags (Visking 
Corporation) and suspended in 400 ml of cold 0.06 m phosphate 
buffer, pH 6.3, for 24 hours. Aliquots were assayed for kynure- 
nine transaminase activity before incubation and after dialysis. 
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Fig. 2. Comparison of the inhibitory actions of members of a 
homologous series of straight-chain, monocarboxylic acids with 
those of a homologous series of straight-chain, dicarboxylic acids. 
Assay conditions are described under “Experimental Procedure.” 

Fig. 3. Effect of pH on the inhibition of kynurenine trans- 
aminase by various organic acids. Incubation conditions are 
described under ‘‘Experimental Procedure.”’ 


On this basis, one may explain the lack of inhibitory action of 
the lower members of both series of acids at pH 8 and of the 
monocarboxylic acids at both pH values as being a result of the 
weakness of the binding produced by a combination of hydro- 
phobic interaction and monovalent electrostatic attraction. The 
inertness of suberate at both pH values indicates that it may be 
too long for optimal binding to the two cationic sites and too 
small for effective binding by hydrophobic mechanisms. The 
dicarboxylic acids larger than suberate, like their monocarboxylic 
analogues, appear to owe their effectiveness to a large degree to 
hydrophobic interaction as evidenced by persistence of their 
action at the higher pH values (Figs. 2 and 3). 

The occurrence of competitive inhibition implies that the 
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substrates and inhibitors are bound at the same sites because of 
similarities of structure. According to the data presented above 
(Fig. 1), such a relationship exists between the inhibitors and 
kynurenine. The critical role indicated for divalent binding in 
determining inhibitor specificity suggests that the dicarboxylic 
keto acid substrates may also be involved in the competitive 
interaction even though a satisfactory kinetic analysis of the 
relationship was not obtained. This conclusion is supported by 
a comparison of the relative effectiveness of various keto acids as 
substrates (Fig. 4), presumably a function of the forces binding 
them to the active site, with the inhibitory effectiveness of the 
analogous series of organic acids (Fig 2). Although the series 
of keto acids is not complete enough for comparison in every de- 
tail, similar variations with molecular size and with the number 
and spacing of anionic groups are noted. Failure of a-keto- 
isovalerate and a-keto-8-methylvalerate to follow the general 
trend, in contrast to their isomers, a-ketovalerate and a-keto- 
isocaproate, apparently depends on the influence of the 6-methy] 
group. 

Most of the known transaminases are strongly specific for a 
dicarboxylic keto or amino acid as one of the substrates. The 
basis of this specificity is not clear but may logically be attributed 
to the presence of adjoining cationic sites such as those discussed 
above. Dicarboxylic acids have been reported to interfere in 
other transamination reactions by several authors. In early 
studies, Braunstein (5) found interference by several di- and tri- 
carboxylic acids with the action of crude transaminase prepara- 
tions. Brandenberger and Cohen (6), seeking inhibitors for 
glutamate-aspartate transaminase, found 6-ketoglutarate to be 
effective. More recently, Jenkins et al. (4) have shown that 
various dicarboxylic acids cause spectral changes in highly puri- 
fied glutamate-aspartate transaminase and that the acids most 
effective in this respect also inhibit the enzyme reaction when 
assayed at pH 6.3. 

Since the active site of the enzyme necessarily includes the 
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Fic. 4. Relationship of charge and molecular size of various 
keto acids to their effectiveness as amino group acceptors in the 
kynurenine transaminase reaction. Each keto acid was tested at 
a concentration of 6 X 10-* m under standard incubation condi- 
tions. Those tested were ketomalonate (a-KM), oxalacetate 
(OXAC), a-ketoglutarate (a-KG), pyruvate (PYR), a-ketobutyr- 
ate (a-KB), a-ketovalerate (a-KV), a-ketoisocaproate (a-KIC), 
a-ketoisovalerate (a-KIV), a-keto-8-methylvalerate (a-K-8-MV), 
phenylpyruvate (¢PYR), and p-hydroxyphenylpyruvate (OH¢P- 
YR). 
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coenzyme, the cationic groups postulated above must be part of, 
or very near, the coenzyme. Based on the rapidity of dissocia- 
tion of the endogenous coenzyme and the dependence of this 
rate on the pH and the inorganic phosphate concentration, elec- 
trostatic attraction has been suggested (1) as an important factor 
in attracting and binding pyridoxal phosphate and pyridoxamine 
phosphate to kynurenine apotransaminase. If we assume the 
anionic sites, the phosphate (pKs 2.5 and 5.8)! and phenolic 
(pK 3.7) groups, to be attracted electrostatically to suitably 
spaced cationic groups on the apoenzyme, the amino (pK 10.9) 
and pyridinium (pK 8.6) groups would be predominantly cat- 
jonic at the pH of 6.3 and would therefore be available for as- 
sociation with anionic inhibitors and substrates. This of course 
assumes that binding of the coenzymes to the apoenzyme does 
not greatly change the dissociation behavior of the latter two 
groups. Actually, the pK of the pyridinium group is strongly 
dependent on the disposition of the phenolic group, tending to 
become more similar to that of free pyridine when the phenolic 
group is bound, as in chelation (7). Such a shift might be ex- 
pected if the phenolic group is involved in binding the apoenzyme 
and might result in dissociation characteristics of the pyridinium 
proton which could readily explain the apparent pK of 6.7 which 
is indicated in Fig. 3 for the postulated group. 

If we assume instead that the cationic site which disappears 
with increasing pH is located on the apoenzyme, we can guess its 
nature from the apparent pK. Of the various dissociating groups 
of proteins, the behavior of the imidazole group is closest to that 
indicated in Fig. 3. 

In addition to the acids listed in Table I, a number of anionic 

1 pK values listed here for the dissociable groups of pyridoxal 


phosphate and pyridoxamine phosphate are those determined by 
Williams and Neilands (7) for these compounds in 0.15 M NaCl. 
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steroids, including conjugates of steroid hormones, have been 
tested as inhibitors. Some of these are effective at extremely 
low concentrations. These studies have been reported separately 
(8) because of their implications concerning the chemical basis of 
hormone action. 


SUMMARY 


1. The kynurenine transaminase of rat kidney was inhibited 
by a variety of mono- and dicarboxylic acids. 

2. The inhibitions were relieved by dialysis and, according to 
Lineweaver-Burk analysis, result from competition of the acids 
with kynurenine for the enzyme. 

3. On the basis of the variation of the inhibitory effectiveness 
of various dicarboxylic acids with the pH of the incubation 
mixtures and with the distance separating their anionic groups, 
it was postulated that the kynurenine holotransaminase possesses 
two cationic groups which are involved in binding the inhibitors 
and substrates. One of these loses its binding potentiality as 
the pH is varied upward with an apparent pK of about 6.7. 
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The requirement for manganese in peroxidase-catalyzed oxida- 
tions has hitherto been considered to be very specific. Various 
investigators (1-6) have tested a number of other ions (Zn, Mg, 
Cu, Co, Fe, Ni, Cd, Ca, Al, Sn, and molybdate) in different per- 
oxidase-catalyzed oxidations, but with the exception of a slight 
stimulation of reduced diphosphopyridine nucleotide oxidation by 
cobaltous ions, these ions have proved inactive or inhibitory. 

In view of the suggestions that the peroxidase-catalyzed oxida- 
tions of dicarboxylic acids (7) and the peroxidase-catalyzed oxida- 
tion of indoleacetic acid (8) depend on the formation of manganic 
ions, it is interesting that the peroxidase system of Kenten and 
Mann (9) oxidized manganese only. Ions of copper, cobalt, zinc, 
nickel, and iron were not affected. However, Yamada and Ota 
(10) have reported the oxidation of ferrous ions by a preparation 
from rice roots; they considered the responsible enzyme to be a 
peroxidase. 

The possibility that cerium might be oxidized by a peroxidase 
system and might replace manganese in peroxidase-catalyzed 
oxidations was considered because of the closeness of the oxida- 
tion-reduction potential of cerium to that of manganese, and be- 
cause of the known initiation of oxidations by ceric ions (11). 

It has been found that cerous ions will replace manganous ions 
in the three peroxidase-catalyzed oxidations examined. 


EXPERIMENTAL 


Purified horseradish peroxidase was obtained from Nutritional 
Biochemicals Corporation (activity stated by supplier was 60 
units per mg by the assay of Polis and Shmukler (12)), and en- 
zyme solutions were prepared by dissolving 10 mg of the powder 
in 100 ml of distilled water. When stored under toluene at 5°, 
the solution lost no activity during periods as long as 2 months. 

Gas exchange was measured manometrically at 30° (13). The 
volume of the reaction mixture was 3.0 ml and the reactions were 
started by addition of the enzyme from the side arm. 

The oxidation of cerium was measured by following the in- 
crease in absorbancy of the cerium-citrate complex at 272 mu. 
The reaction mixture, in a l-cm cuvette, consisted of 0.5 ml. of 
0.1 m citrate buffer pH 7.0, 0.2 ml of 0.01 m CeCls, 0.5 ml of 0.001 
M resorcinol, 0.2 ml of 0.03 per cent H.Os, enzyme solution, and 
water to make a total volume of 3.5 ml. The reaction was 
started by the addition of the enzyme, and readings were taken 
in a Beckman DU spectrophotometer at timed intervals. 

The oxidation of DPNH was measured by following the de- 
crease in absorbancy at 340 mu. The reaction mixture, in a 
1-cm cuvette, consisted of 0.5 ml of 0.1 m buffer, 0.5 ml of 0.01 
M resorcinol, 0.2 ml of a DPNH solution (2 mg of disodium 
DPNH per ml), 0.01 m metal chloride, enzyme solution, and wa- 
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ter to make a total volume of 3.5 ml. The reaction was started 
by addition of the enzyme, and readings were taken in a Beck- 
man DU spectrophotometer at timed intervals. 

Absorption spectra were determined with a Cary model 11 re- 
cording spectrophotometer or with a Beckman DU spectropho- 
tometer. 


RESULTS 

A water solution of cerous chloride shows a characteristic ab- 
sorption spectrum in the ultraviolet region with an absorption 
maximum at 252 my (14). In the presence of citrate at pH 7.0, 
the formation of a complex was indicated by a shift of the ab- 
sorption spectrum to longer wave lengths with a new absorption 
maximum at 272 mu (Fig. 1). The spectral change was complete 
when the cerium-citrate ratio was 1:2. (A spectral shift upon 
the addition of ethylenediametetraacetic acid to a solution of 
cerous chloride, with a new peak appearing at 280 muy, also was 
observed, but this complex was not used in the study of the oxi- 
dation of cerium.) 

It is difficult to establish the absolute absorption of the com- 
plexes of cerium and citrate, because ceric salts tend to decom- 
pose near neutrality, and because they may oxidize certain con- 
stituents of the medium, such as citrate. Ceric sulfate dissolved 
in citric acid solution (final pH 1.9), and the same solution ad- 
justed with KOH to pH 7.0, yielded the spectra shown in Fig. 1. 
It should be noted that the ceric-citrate complex absorbs more 
strongly at 272 my than does the cerous-citrate complex (com- 
parative measurements reported in this paper were made at 272 
mu). Because of the difficulties indicated, the data should not 
be interpreted in terms of absolute reaction rates. 

Under the same conditions as those used for the oxidation of 
manganese, the oxidation of cerium occurred. These conditions 
include the presence of horseradish peroxidase, hydrogen perox- 
ide, and a phenolic component. The oxidation of the cerium 
was indicated by an intensification of the optical density at 272 
mu. For example, in the presence of 0.5 umole of cerous chloride 
(other conditions as described in the ‘‘Experimental”’ section), 
the optical density increased from 0.45 to 0.68 during the 90 
seconds after addition of the enzyme. The effects of enzyme 
concentration (Fig. 2) and cerium concentration (Fig. 3) were 
measured. 

Since manganic ions have been postulated to initiate peroxi- 
dase-catalyzed oxidations (8), it was thought that ceric ions, pro- 
duced enzymically by the peroxidase system, might be equally 
effective. Maclachlan and Waygood (8) have shown the effect 
of manganese concentration on the oxidation of indoleacetic acid. 
Table I shows the effect of cerium concentration on oxidations of 
indoleacetic acid by horseradish peroxidase. In experiments 
in which both metal ions were tested at concentrations of 0.001 
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a, the rate of indoleacetic acid oxidation by horseradish peroxi- 
dase was greater in the presence of cerium than in the presence 
of manganese: 17% at pH 4.5 (acetate buffer) and 24% at pH 
6.0 (succinate buffer). 

The oxidation of 2-nitropropane was followed by measuring 
oxygen uptake manometrically. In agreement with the report 
of Little (6), the requirement for metal ions and a phenolic com- 
pound was not absolute, but both of these enhanced oxidation, 
apparently by acting as cofactors. Fig. 4 shows that manga- 
nous and cerous ions are equally effective in enhancing the oxida- 
tion of 2-nitropropane. 
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Wavelength, mu 
Fic. 1. Spectra of cerium and its complexes with citrate. 1 
em light path; Beckman DU spectrophotometer. Ceric and ce- 
rous ion, 1.43 X 10-3 Mm; citrate, 1.43 KX 10-2 m. Citrate alone at 
pH 7.0 had an optical density below 0.05 over the wave length 
range indicated. The curves shown are: a, Ce‘t-citrate, pH 7.0; 
b, Ce*t-citrate, pH 1.9; c, Ce*+-citrate, pH 7.0; d, Ce** alone. 
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Fic. 2. The effect of enzyme concentration on the oxidation 
of cerium. O——O, 0.5 ml of horseradish peroxidase solution; 
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Fic. 3. The effect of cerous ion concentration on its oxidation. 
Each cuvette contained 1.0 ml of horseradish peroxidase solution 
and the other components of the reaction mixture described in 
the ‘‘Experimental’’ section. _YV——V, 0.5 umole of Ce**; A——A, 
1.0 umole of Ce**; []——[, 2.0 umoles of Ce**; O——O, 3.0 umoles 
of Ce**. 


TaBLeE I 

Effect of cerium concentration on oxidation of indoleacetic acid 

The reaction mixture consisted of 50 umoles of succinate buffer, 
pH 6.0; 5 wmoles of indoleacetic acid; 2 umoles of 2,4-dichloro- 
phenol; 0.5 ml of horseradish peroxidase solution (0.05 mg horse- 
radish peroxidase; 60 units per mg by the assay of Polis and 
Shmukler (12)); cerous chloride, and water in a total volume of 
3.0 ml. 








Enzyme source —_—— - 


Horseradish.........| 25 | 47 | 57 | 87 73 








* Values are yl of O2 uptake per 10 minutes. 


The effect of manganous, cerous, and cobaltous ions on the 
oxidation of DPNH was tested at various pH’s. In succinate 
buffer there was no enhancement of oxidation in the presence of 
cobaltous ions; with manganous and cerous ions a pH optimum 
of 5.0 was observed, but the activity in the presence of cerous 
ions was much greater than in the presence of manganous ions 
(Fig. 5). In tris(hydroxymethyl)aminomethane buffers it was 
surprising to find a pH optimum of 7.5 when manganous ions 
were present (Fig. 5). At pH 7.5 there was a slight enhancement 
of oxidation by cobaltous ions but no oxidation of DPNH in the 
presence of cerous ions. The rate of DPNH oxidation at pH 5.0 
in succinate buffer depends upon the concentrations of manga- 
nous or cerous ions; the effect of varying the concentration of 
cerous ions is shown in Fig. 6. At pH 7.5 there is inhibition of 
the oxidation by cerous and cobaltous ions and by excessive con- 
centrations of manganese. These effects are presented in Ta- 
ble IT. 

The effects of varying the manganese and resorcinol concentra- 
tions on the oxidation of DPNH was examined. Fig. 7 shows 
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Fig. 4. The effect of metallic cofactors on the oxidation of 
2-nitropropane. The reaction mixture consisted of 50 umoles of 
succinate buffer, pH 5.0, 3 wmoles of metal chloride, 2 umoles of 
resorcinol, 5 wmoles of 2-nitropropane, 0.3 ml of horseradish per- 
oxidase solution in a total volume of 3.0 ml. The nitropropane 
solution was prepared from a 10-2 m solution which was kept at 
pH 13 overnight and adjusted to pH 5.0 and to 5 X 10-* M just be- 
fore the experiment. VY V, without resorcinol; A——A, with- 


out metallic cofactor; |J]——(_], with Mn**; O——O, with Ce*. 
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Fia. 5. The effect of pH on the oxidation of DPNH. 5 umoles 
of MnCl, or CeCl;, 0.3 ml of horseradish peroxidase solution in 
eachcuvette. a, Ce**;b, Mn?*; A——A, succinate buffer; O——O, 
tris(hydroxymethyl)aminomethane buffer. 


that the optimal concentration of manganous ions depends on 
the concentration of resorcinol; as the concentration of resorcinol 
was increased, the optimal concentration of manganese increased. 
Akazawa and Conn (5) considered the mechanism of DPNH oxi- 
dation to be different from the peroxidase-catalyzed oxidation of 
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indoleacetic acid because of the lower optimal concentration of 
manganese required for the oxidation of DPNH. The low opti- 
mal concentration they observed probably resulted from the low 
concentration of resorcinol used. The interaction of phenolic 
and metallic compounds in the oxidation of DPNH is the same 
as that observed by Hillman and Galston (15) and confirmed by 
Pilet (16) for the enzymic oxidation of indoleacetic acid and pro- 
vides evidence that the mechanisms of the two reactions are in 
fact similar. 
DISCUSSION 

A hypothesis unifying the mechanisms of peroxidase-catalyzed 
oxidations would be attractive; as manganese is common to all 
of these reactions, the mechanism of its action is probably critical 
for a general scheme. 

It has been suggested that manganic ions are essential in per- 
oxidase-catalyzed oxidations (7, 8). Points in favor of this idea 
are the appearance of manganic ions in the oxidation of dicar- 
boxylic acids (7), and the inhibition of indoleacetic acid oxidation 
by the chelators citrate and pyrophosphate (17). Analogous re- 
actions of cobaltic ions with formic acid (18), manganic ions with 
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Fic. 6. The effect of cerous ion concentration on the oxidation 
of DPNH at pH 5.0. Succinate buffer, 0.3 ml horseradish peroxi- 
dase solution. YV——V, 1 umole of Ce**+; A——A, 2 umoles of Ce*; 
O——O, 3 umoles of Ce**. 


TaBLeE II 
Inhibition by metal ions of reduced diphosphopyridine nucleotide 
oxidation at pH 7.5 (tris(hydrorymethyl)amino- 
methane buffer)* 
The reaction mixture is described in the ‘‘Experimental”’ sec- 
tion. 





Mn** Co** Ce? 
5 pwmoles Mn? | 
only. . 0.110 0.110 | 0.110 
+ 5. umoles 
metal........ 0.100 0.090 0.000 
+ 10 ymoles 
metal........<... 0.090 0.075 
+ 15 ypmoles 
metal... .... 0.080 0.065 








* Values are change in optical density at 340 my per minute. 
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Fic. 7. The effect of resorcinol concentration on the optimal 
manganese concentration. O——O, 0.05 umole of resorcinol per 
cuvette; A——A, 0.5 umole of resorcinol per cuvette; CJ 
5.0 umoles of resorcinol per cuvette. 
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oxalic acid (19), and ceric ions with 2, 3-butanediol (11) have been 
reported. Finally, the nonenzymic oxidation of indoleacetic acid 
by manganic ions has been observed (20). 

Akazawa and Conn (5) have concluded that the DPNH oxida- 
tion is different from the indoleacetic acid oxidation because they 
observed that the former is inhibited by catalase, has a lower 
optimal concentration of manganese, is not inhibited by citrate 
and pyrophosphate, and is inhibited by ethylenediaminetetra- 
acetic acid. However, in favor of the suggestion that the peroxi- 
datic mechanism is the same for the oxidation of indoleacetic acid 
and DPNH, it should be noted that inhibition of indoleacetic acid 
oxidation by catalase has been reported (21, 22), that the optimal 
concentrations of manganese for DPNH and indoleacetic acid 
oxidation are of the same order provided the concentration of the 
phenolic compound is the same, and that our unpublished tests 
showed inhibition of DPNH oxidation by citrate and pyrophos- 
phate when higher concentrations of manganese than those used 
by Akazawa and Conn (5) were employed. The finding that 
citrate does not affect DPNH oxidation at low concentrations 
but inhibits the oxidation at higher concentrations of manganese 
is analogous to the effect of citrate on indoleacetic acid oxidation 
at different manganese concentrations (2). The possibility re- 
mains that the mechanism of oxidation is not the same at high 
and at low concentrations of the metal ions. The present evi- 
dence allows the interpretation that the oxidations proceed with- 
out the participation of manganic ions when the manganese con- 
centration is low, and with the participation of manganic ions 
when the concentration of manganese is high. 

The difference in optimal pH we have observed for DPNH oxi- 
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dation with manganese (pH 7.5) and Akazawa and Conn (5) have 
observed (pH 6) has a parallel in the variation in optimal pH 
found for indoleacetic acid oxidizing enzymes. A further simi- 
larity of the peroxidase-catalyzed oxidations of indoleacetic acid 
and DPNH is the lag period frequently observed before oxida- 
tion starts. This lag period may represent, according to the 
scheme of Maclachlan and Waygood (8), a period during which 
the concentration of manganic ions is building up, or according 
to the mechanism of Akazawa and Conn (5), a period during 
which the concentration of the phenolic free radical RO- is rising. 


SUMMARY 


1. Horseradish peroxidase catalyzes the oxidation of cerous 
ions by hydrogen peroxide in the presence of low concentrations 
of resorcinol. 

2. Manganous ions can be replaced by cerous ions in the per- 
oxidase-catalyzed oxidations of indoleacetic acid, 2-nitropropane, 
and reduced diphosphopyridine nucleotide. 

3. In the oxidation of reduced diphosphopyridine nucleotide, 
cerous ions were most effective at pH 5.0 and manganous ions 
were most effective at pH 7.5. Cobaltous ions were ineffective 
at pH 5.0, and only slightly effective at pH 7.5. At pH 7.5, 
the oxidation of reduced diphosphopyridine nucleotide in the 
presence of manganous ions was inhibited by cerous, cobaltous, 
and excess manganous ions. 

4. The optimal concentration of manganese for the peroxidase- 
catalyzed oxidation of reduced diphosphopyridine nucleotide in- 
creased as the concentration of the phenolic compound was in- 
creased. 
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During a study of cyclic alcohol oxidation by a partially 
purified rat liver enzyme system (1), it was noted that ethanol 
was also oxidized by this preparation. Since the ratio of the 
rate of ethanol oxidation to the rate of cyclohexanol oxidation 
remained constant during purification, the possibility arose that 
the activity with cyclic substrates was due to the conventional 
alcohol dehydrogenase of liver. To examine this question, 
crystalline alcohol dehydrogenases from yeast and horse liver 
were tested. Cyclic alcohols were inactive with the yeast en- 
zyme but, in the presence of horse liver alcohol dehydrogenase, 
they caused a rapid reduction of diphosphopyridine nucleotide as 
follows (2): 


Cyclohexanol + DPN* = cyclohexanone + DPNH + H* 


During the course of these studies, Winer (3) reported the 
occurrence of such a reaction. Some characteristics of this sys- 
tem are presented below. 


EXPERIMENTAL 


DPN and DPNH were obtained from Sigma Chemical Com- 
pany. The molar absorbancy of DPNH was taken as 6.22 x 
10-* liters per mole centimeter (4). Cyclohexanol and cyclo- 
hexanone were obtained from Eastman Organic Chemicals. 
2-Methyl-, 3-methyl-, and 4-methyleyclohexanone and 2-methy1-, 
3-methyl-, and 4-methylcyclohexanol were purchased from the 
Fisher Scientific Company. Cyclopentanol, cyclopentanone, 
and cycloheptanone were obtained from Aldrich Chemical 


Company. The other alcohols and ketones used were also com- 
mercial products. All substrates were prepared as aqueous solu- 
tions. 


Where necessary, 2,4-dinitrophenylhydrazone derivatives of 
ketones were prepared by mixing the latter with a saturated 
methanolic solution of 2,4-dinitrophenylhydrazine and heating 
the mixture at 80° for 20 minutes. The hexane-soluble 2,4- 
dinitrophenylhydrazones which formed were chromatographed 
on Whatman No. 1 paper in a two-phase descending system con- 
sisting of heptane-dioxane-methanol-H,0, 40:20:20:5. 

Columns of DEAE-cellulose (obtained from Eastman Organic 
Chemicals) were prepared by the method of Sober et al. (5). 

Yeast alcohol dehydrogenase (once recrystallized) and horse 
liver alcohol dehydrogenase (twice recrystallized), prepared by 
the method of Bonnichsen (6) were purchased from the Worthing- 
ton Biochemical Corporation. The latter was recrystallized 
further according to Dalziel (7). Recrystallization an additional 
five times gave constant specific activities for ethanol and cyclo- 
hexanol in the last three crystallizations. 


Rat liver alcohol dehydrogenase was prepared from adult 
Sprague-Dawley rats. After they were killed by decapitation, 
their livers were quickly removed and chilled with ice, and an 
acetone powder was prepared from them as described by Morton 
(8). Subsequent procedures were carried out at 0-4°. The 
acetone powder was extracted with 10 volumes of water in a 
glass homogenizer with a power-driven Teflon pestle and the re- 
sulting mixture was centrifuged at 10,000 x g for 10 minutes, 
The supernatant fluid was decanted and fractionated with solid 
ammonium sulfate. During the procedure, the mixture was 
maintained at neutrality by the addition of ammonia. The 
fraction which precipitated between 0.55 and 0.75 saturation was 
dissolved in water and used for most of the studies of the rat 
liver enzyme. This procedure resulted in a 10-fold purification 
over the acetone powder extract. Further purification could not 
be achieved by means of heating to 56° for 1 to 15 minutes, iso- 
electric precipitation, calcium phosphate or alumina gel Cy ab- 
sorption, or alcohol fractionation. The enzyme was not stable 
to dialysis against either water or phosphate buffer even in the 
presence of added cysteine or reduced glutathione. 

Enzyme Assay—The activity of yeast, horse, and rat liver 
alcohol dehydrogenase was assayed at room temperature by fol- 
lowing the course of pyridine nucleotide oxidation or reduction 
at 340 my in a Beckman model DU spectrophotometer. Re- 
actions were carried out in cuvettes with a volume of 1.4 ml and 
a 1.0-cm light path. The change in optical density from 15 to 
30 seconds was taken as the initial rate since the values from 10 
to 30 seconds were found to be linear. A unit of activity was 
defined as a change in optical density of 0.001 per minute, and 
specific activity as units of activity per milligram of protein. 
The protein content of solutions was estimated by the method of 
Warburg and Christian (9). 


RESULTS 


Identity of Ethanol and Cyclohexanol Dehydrogenase Activities— 
Table I shows that even after repeated crystallization of horse 
liver alcohol dehydrogenase, the ratio of the rate of ethanol 
oxidation to the rate of cyclohexanol oxidation remains constant 
at 0.88. 

Fig. 1 illustrates that when seven times recrystallized horse 
liver alcohol dehydrogenase was subjected to chromatography on 
DEAE-cellulose, ethanol and cyclohexanol dehydrogenase ac- 
tivities had identical mobilities. In addition, both activities 
decreased proportionally when the enzyme was heated at 56° for 


15, 30, and 60 minutes. The data, therefore, indicate that 
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TABLE I 
Variation of specific activity of horse liver alcohol 
dehydrogenase with recrystallization 
The specific activity was measured as described (see ‘‘Enzyme 
Assay’’) with DPN*, 1.0 X 10-*m; NaOH-glycine buffer, pH 9.5, 
1.0 X 10°? mM; and substrate, 1.0 X 10-3 Mm. 


Recrystallization 


Specific activity substrate — . “panei 
3rd 4th | Sth | 6th 7th 


Ethanol... 79, 300 80, 200 82, 600 82, 450/82, 500 
Cyclohexanol . 85, 100/89, 230/93, 600/93, 250/93, 500 


Ratio of ethanol:cyclohexanol | 0.93 | 0.90 | 0.88 | 0.88 | 0.88 


crystalline horse liver alcohol dehydrogenase has the intrinsic 
ability to catalyze the oxidation-reduction of cyclic substrates. 
Michaelis Constants—From the data in Fig. 2, plotted by the 
method of Lineweaver and Burk (10), a Michaelis constant (K ») 
of 1.6 X 10-* m was calculated for the interaction of cyclohexanol 
and crystalline horse liver aleohol dehydrogenase. On the other 
hand, the K,, for cyclohexanone depended on the range of sub- 
strate concentration over which it was measured. This is ap- 
parent from Fig. 2 where a sharp break in the cyclohexanone 
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Fig. 2. Variation of initial rate with substrate concentration. 
Cyclohexanone reduction was determined with DPNH, 1.0 X 10~¢ 
m and phosphate buffer, pH 7.0, 1.0 X 10-*m. Cyclohexanol oxi- 
dation was similarly determined with DPNt, 1 X 10-* mM, and 
NaOH-glycine buffer, pH 9.5, 1.0 X 10-* mM. Horse liver alcohol 
dehydrogenase was constant at 0.01 wg ml". 
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Fic. 1. Chromatography of horse liver alcohol dehydrogenase 
on DEAE-cellulose. The enzyme solution, twice dialyzed for 4 
hours against a 2-liter volume of distilled water, and containing 
9.6 mg of protein in 15.0 ml of distilled water was added to a 1.0 X 
15.0-em column of DEAE-cellulose. The column had previously 
been washed with 200 ml of distilled water. Care was taken not 
to exceed 0.1% protein weight when compared with the DEAE- 
cellulose dry weight. Neither the effluent nor a 30.0 ml distilled 
water wash contained enzyme activity. The column was devel- 


oped by gradient elution at 4°. The gradient was obtained with 
a constant volume mixing flask containing 200 ml of distilled water, 
and a reservoir flask containing phosphate buffer, 0.01 mM, pH 7.4. 
The flow rate was adjusted to 6.0 ml per hour and 15-ml fractions 
were collected. Most of the enzyme activity was recovered in 
Tubes 5toll. The specific activity of the eluted enzyme for these 
alcohols was tested at room temperature with NaOH-glycine 
buffer, pH 9.5, 1.0 X 10-*m; DPN*, 1.0 X 10~‘ ; and the alcohols, 
1.0 X 10°? M. 
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TABLE II 

Substrate specificity of horse liver alcohol dehydrogenase 
Alcohols were tested in concentration of 1.0 X 10-? m, DPN+ 
1.0 X 10-*m, NaOH -glycine buffer, pH 9.5, 1.0 X 10-m. Ketones 
were tested in concentration of 1.0 X 10-?m, DPNH 1.0 X 10-‘, 
phosphate buffer, pH 7.2, 1.0 X 10-3 M. 





| Substrate 


Substrate 
Alcohols | wlised/ Ketones me 
Exo/minute E239/minute 
pmoles | pmoles 
Cyclohexanol..........| 13.4 | Cyclohexanone. . a 8.52 
2-Methyleyclohexanol..| 1.19 | 2-Methyleyclohex- | 
3-Methyleyclohexanol . | 2.1 | anone...........] 3.86 
4-Methyleyclohexanol..} 13.1 | 3-Methyleyclohex- | 
trans-2-Chlorocyclo- | Fs MM cla. a0 ies 3.05 
hexanol -.ssseee-| 0.0 | 4-Methyleyclohex- | 
4-tert-Butyleyclohexa- | | anone.......... .| 6.84 
ae ee BS tee 4.25 | 2-Chlorocyclohex- | 
Cyclopentanol......... 0.0 | amone...........| 4.23 
Cycloheptanol. . .| 6.54 | Cyeclopentanone...| 0.0 
Methanol... | 0.0 | Cycloheptanone...| 3.52 
Ethanol. 9.74 | Acetaldehyde. .| 68.2 
n-Propanol | 3.49 | Acetone..... | 0.0 
sec-Propanol... | 0.0 | Methyl ethyl ke- | 
n-Butanol... 4 S28 a 
sec-Butanol . | 3.49 | 
tert-Butanol........... 0.0 
WPOMANO....2.05...5.1) 8.2 
tert-Pentanol. . .| 0.0 
n-Hexanol...... men | ae 
n-Heptanol..... | 2.4 | 
n-Octanol.......... ah Be 
POE ccissvcseveccnst QO 
Testosterone...........| 0.0 
Hydrocortisone. . | 0.0 
TaBLeE III 


Enzymatic reduction of substituted cyclohexanones 


Reduction of 2-, 3-, and 4-methyleyclohexanone by DPNH in 
the presence of 0.01 ug of horse liver alcohol dehydrogenase in 
phosphate buffer, 10-* m, pH 6.0, 1.4 wmoles of DPNH, and 0.3 
pmole in a final volume of 3.0ml. The blank contained 1.3 ymoles 
of DPNH and no substrate but was otherwise identical. 


Aso 
Total 
AOD 


Substrate 7 


| | 
Initial | 1 hour | 2 hour 


, |--—— 
0.622 | 0.615 | 0.123 


2-Methyleyclohexanone..... 0.738 | 


3-Methyleyclohexanone. . 0.680 0.561 | 0.550 | 0.130 
4-Methyleyclohexanone. . . 0.770 | 0.530 | 0.473 | 0.297 


curve occurs at 10-° m. At concentrations greater than this, a 
K,, of 7.6 * 10-° m was obtained; at concentrations of less than 
10-* a, the K,, was 5.0 X 10-4 M. 

The values for ethanol and acetaldehyde were 2.4 x 10-3 
and 1.6 X 10~ M, respectively, in accordance with those reported 
by Theorell and Bonnichsen (11). Values for rat liver aleohol 
dehydrogenase appeared to be similar but were difficult to ob- 
tain with the same degree of accuracy due to the persistence of 
slight substrate-independent DPNH oxidation. 

Effect of pH—The effect of pH on the initial rate of either the 
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forward or reverse reactions with cyclohexanol or cyclohexanone 
coincided with that previously reported for ethanol and acetal- 
dehyde (11). Respectively, the optimal values were at pH 10 
and pH 6.8. 

Substrate Specificity—Table II shows that in addition to 
cyclohexanol, horse liver alcohol dehydrogenase could catalyze 
the reversible oxidation of a variety of substituted 6-carbon cyclic 
alcohols, as well as of cycloheptanol. 
did not react at a measurable rate. 

It should also be noted that, whereas 2-chlorocyclohexanone 
was quite readily reduced, trans-2-chlorocyclohexanol could not 
be oxidized, suggesting that the product of chloroketone redue- 
tion was probably cis- rather than trans-2-chlorocyclohexanol. 

When tested at equimolar concentrations, straight-chain 
alcohols, from ethanol to octanol, had varying oxidation rates 
depending on the chain length. Secondary alcohols with greater 
than a 3-carbon chain were oxidized but at much slower rates, 
while tertiary alcohols were unreactive. It is particularly note- 
worthy that secondary propanol and its corresponding ketone, 
acetone, were inactive as substrates, while cyclic secondary al- 
cohols and their related ketones, which do not differ from the 3- 
carbon compounds in the neighborhood of the oxygen-bearing 
carbon atom, were very active. 


Cyclopentanol, however, 


Yeast alcohol dehydrogenase was tested under the same condi- 
tions as the horse liver enzyme and while active toward ethanol 
and acetaldehyde, was unable to catalyze reactions with cyclo- 
pentanol, cyclohexanol, cycloheptanol, or their corresponding 
ketones. 

Vennesland and Westheimer (12) have shown that yeast 
alcohol dehydrogenase can distinguish between the two hydrogens 
on the carbinol carbon of ethanol by demonstrating that the 
enzyme specifically transfers only one of these to DPN*+ in the 
course of enzymatic alcohol oxidation. 

In the present study, it was of interest to determine whether 
liver alcohol dehydrogenase was responsive to the configuration 
of carbon atoms other than that which bore the hydroxy] group. 
To examine this question, the extent of reduction of dl-2-methyl- 
and 3-methyleyclohexanone was compared with the optically 
inactive 4-methyleyclohexanone. The ketones were used to 
avoid ambiguity resulting from the conformational properties 
of the alcohols. To insure virtually complete reduction cf the 
added substrates, the experiments were performed in the presence 
of an excess of DPNH and at a pH of 6.0. Approximately one- 
half of each of the dl-compounds were reduced when compared 
with 4-methyleyclohexanone (see Table III), indicating that the 
enzyme could indeed differentiate optical antipodes. 

Identification of Products—When the ketones obtained from 
the enzymatic oxidation of cyclic alcohols were converted to 2,4- 
dinitrophenylhydrazine derivatives and chromatographed with 
authentic cycloketonic-2 ,4-dinitrophenylhydrazones (see “Ex- 
perimental’’), their mobilities were identical. In addition, the 
concentrations of 2,4-dinitrophenylhydrazones were measured 
spectrophotometrically at 540 my according to the method of 
Friedemann and Haugen (13) and were found to correspond 
stoichiometrically to the change in absorbancy due to DPNH. 
The loss or gain of DPNH and cyclohexanone indicated that 1 
mole of DPNH is utilized per mole of cyclohexanone reduced, 
and, similarly, 1 mole of DPNH is formed per mole of cyclo- 
hexanol oxidized (Table IV). 


Equilibrium Constant—Equilibrium for the cyclohexanol- 


cyclohexanone reaction was approached from either side at dif- 








Octol 


ferent 
hexan 
(Tabl 
for et! 
Eo of 
comp 
The | 
for tl 
hyde 


Ou 
rapid 
hydr 
that 
subst 
eveli 
diffe’ 
inab 
Ace 
aceti 
keto 
A 
vari 
keto 
lowe 
tera 
pyri 
the 
site: 
tha 
bin 
the 
In | 
ser’ 

| 

pro 
del 
dre 
pos 
for 
hy 
ho 
the 
cy 
an 
sti 
fo 
sti 








vo. 10 


‘anone 
acetal. 
DH 10 


on to 
talyze 
cyclic 
vever, 


anone 
ld not 
redue- 
nol, 

chain 
rates 
reater 
rates, 
note- 
tone, 
ry al- 
he 3- 
aring 


ondi- 
hanol 
‘vclo- 
iding 


veast 
gens 
t the 
n the 


ether 
ation 
oup. 
thyl- 
cally 
d to 
ties 
. the 
ence 
one- 
ared 
L the 


from 
2,4 
with 
‘Ex- 
the 
ured 
d of 
yond 
NH. 
at 1 
ced, 
‘clo- 


nol- 


dif- 








October 1959 


ferent pH values, and an average value for the Keg, (cyclo- 
hexanone) (DPNH) (H*)/(cyclohexanol) (DPN*), of 5.5 x 10-9 
(Table V) was obtained. This is larger than the value reported 
for ethanol-acetaldehyde, 8.6 x 10-" (11), and gives a calculated 
Eo of —0.280 volt with the cyclohexanol-cyclohexanone couple 
compared with a value of —0.200 volt for ethanol-acetaldehyde. 
The = in both cases, was calculated using —0.320 volt (14) 
for the DPN+-DPNH system. The Keq for ethanol-acetalde- 
hyde was taken as 9.2 X 10-" (15). 


DISCUSSION 


Our findings suggest that cyclic secondary alcohols could be 
rapidly oxidized in the presence of crystalline liver alcohol de- 
hydrogenase. This is particularly surprising in view of the fact 
that acetone and secondary propanol were totally inactive as 
substrates. Since the latter are structurally identical to the 
evclic substrates in the region of the carbinol carbon atom, the 
difference in their reactivity in this system might be due to the 
inability of the enzyme to bind either of the 3-carbon compounds. 
Accordingly, we have found (unpublished experiments) that 
acetone did not inhibit cyclohexanone reduction when the two 
ketones were present at comparable concentration. 

A point of additional interest was that the K,, of cyclohexanone 
varied as a function of substrate concentration. Thus, at higher 
ketone concentrations the value was 15 times greater than at 
lower concentrations. If these figures are a measure of the in- 
teraction of the substrate with the binary complex, enzyme- 
pyridine nucleotide, as suggested by Theorell and Chance (16), 
the data may indicate either that there are two types of binding 
sites on the enzyme with different affinities for the substrate; or, 
that once a molecule of substrate is bound, it interferes with the 
binding of a second to the same enzyme molecule, even though 
the sites may originally have the same affinity for the substrate. 
In this connection, it is of interest that these effects are not ob- 
served with less bulky substrates such as acetaldehyde. 

Because of their conformational properties, the cyclic alcohols 
provide an especially interesting series of substrates for alcohol 
dehydrogenase. Where the conformation of a secondary hy- 
droxyl group is fixed, as for example in the steroid alcohols, it is 
possible to test whether a dehydrogenase displays a preference 
for either axial or equatorial hydroxyl groups. Thus, the 3a- 
hydroxysteroid dehydrogenase of liver oxidizes steroid 3a-alco- 
hols considerably faster when they are equatorial than when 
they are axial (17). In the case of simple alicyclic alcohols like 
cyclohexanol, the hydroxyl group can only be fixed in one or 
another conformation by introducing bulky neighboring sub- 
stituents which must assume the equatorial conformation. Un- 
fortunately, no such substrate was available for the present 
study. 

On substitution in either position 2 or 3 of cyclic ketones, the 
substituted carbon atom becomes optically active. When posi- 
tion 4 is substituted, however, the molecule is symmetrical. The 
data presented above show that horse liver alcohol dehydrogenase 
catalyzes the reduction of only half of a racemic mixture of 2- 
or 3-substituted cyclohexanone when compared with the sym- 
metrical 4-substituted ketone, indicating that the enzyme is 
responsive to the optical configuration of the substrate. At this 
time it is not possible to say which of the isomers was reduced, 
since sufficient quantities of the reduced product were not re- 
covered to allow rotational measurements to be made. In view 


of the rather wide specificity of alcohol dehydrogenase for these 
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TaBLe IV 
Stoichiometry 

The experiments were carried out in quartz cuvettes with a 3.0 
ml capacity. The reaction mixture consisted of 0.01 mg of horse 
liver alcohol dehydrogenase, 3 wmoles of phosphate buffer, pH 
7.4, 4umoles of DPNH or 15 ymoles of DPN*, and 10 umoles of sub- 
strate in a total volume of 3 ml. DPN* reduction or DPNH oxi- 
dation was followed at 340 my in the spectrophotometer at room 
temperature. Aliquots were removed and the disappearance or 
appearance of cyclohexanone was determined as described in the 
text. 








Experiment No. | 4 DPNH A Cyclohexanone 
| umole pmole 
1 —0.81 —0.78 
2 | +0.21 +0.20 


TABLE V 
Equilibrium data for cyclohexanol-cyclohexanone 
Equilibrium data at room temperature were obtained from a 
3.0-ml reaction mixture containing 0.2 umole of substrate, 3.0 
umoles of phosphate buffer, 0.3 umole of pyridine nucleotide, and 
1.0 ug of horse liver alcohol dehydrogenase. The absorbancy at 
340-myz was followed to equilibrium and the change in optical 
density in conjunction with the final pH was used to calculate 


the Keg. 


Substrate pH Keq 
Cyclohexanol 9.5* 6.1 X 10-9 
7.2 6.5 X 10-° 
Cyclohexanone 7.5 5.0 X 10-9 
7.2 4.9 X 10-9 
Average 5.5 X 107-9 


* 3.0 umoles of NaOH-glycine buffer used instead of phosphate. 


substrates, the enzyme might be a useful organic reagent for the 
resolution of racemic mixtures of substituted cyclic alcohols. 

Although alcohol dehydrogenase is an abundant and powerful 
enzyme in mammalian liver, its physiological function is not 
wholly apparent. The data presented in this communication, 
unfortunately, do nothing to resolve this mystery. Together 
with the data presented by Winer (3) they do, however, suggest 
that the enzyme has broader substrate specificity than has pre- 
viously been recognized and open the possibility that a naturally 
occurring cyclic alcohol may be the “natural” substrate. It is of 
interest that the steroid alcohols were totally inactive as sub- 
strates for the enzyme. 


SUMMARY 


1. In agreement with data previously presented by Winer, 
cyclic secondary alcohols and ketones have been found to act as 
substrates for crystalline alcohol dehydrogenase of horse liver. 

2. In addition, a partially purified rat liver alcohol dehydro- 
genase was studied. 

3. Yeast alcohol dehydrogenase was not active toward cyclic 
substrates. 

4. Some of the properties of the enzyme-substrate interaction 
have been described. 

5. When racemic mixtures of optically active ketones were 
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tested, half of the available substrate was reduced, indicating 
that the enzyme had optical specificity. 


ono 


6. Some of the implications of these findings are discussed. 
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The process of photosynthetic phosphorylation by spinach 
chloroplasts has been under active investigation since it was 
discovered by Arnon et al. (2). There has been some apparent 
confusion about the effect of oxygen on this process. Thus 
Arnon et al. (2) first reported that oxygen was necessary for 
photophosphorylation, but then concluded in a later paper that 
“in the presence of the proper combination of cofactors, photo- 
synthetic phosphorylation was found to proceed much more 
rapidly anaerobically than aerobically” (3). Wessels (4, 5), on 
the other hand, reported consistent effects of oxygen on the 
behavior pattern of photophosphorylation with various cofactors, 
and suggested a functional role for oxygen (5). Krall et al. (6) 
used O'8 to demonstrate that photophosphorylation with ribo- 
flavin phosphate and menadione as cofactors involved neither 
evolution nor consumption of oxygen, but Jagendorf and Avron 
(7) also noted that photophosphorylation with suboptimal 
amounts of cofactor was stimulated by oxygen. Further, 
Krogmann (8, 9) described an oxygen-dependent photophos- 
phorylation with trichlorophenol indophenol. This process, 
termed oxidative photophosphorylation, appeared to be com- 
pletely dependent on oxygen, unlike the photophosphorylation 
with other cofactors such as riboflavin phosphate, menadione, 
and N-methy] phenazonium sulfate which act both anaerobically 
and aerobically. 

The present studies were undertaken with the hope of clari- 
fying the role of oxygen in the photophosphorylation process. 
The experiments described here were carried out primarily with 
photophosphorylation elicited by the cofactor FMN.' The ef- 
fect of oxygen with this cofactor was studied in detail and com- 
pared with the oxygen effects on the indophenol photophos- 
phorylation system. Evidence will be presented that oxygen 
affects these two systems in quite different ways. 


EXPERIMENTAL 


Unless otherwise specified, the experiments were carried out 
with unwashed chloroplasts prepared from market spinach by 
the method of Arnon et al. (10). Once washed chloroplast, 


* Aided in part by grants from the National Science Founda- 
tion and from the Wallace C. and Clara A. Abbott Memorial Fund 
of the University of Chicago. The material in this paper is taken 
in part from a thesis submitted by T. Nakamoto in partial fulfill- 
ment of the requirements for a Ph.D. degree. The results have 
been presented before the meeting of the Federation of American 
Societies for Experimental Biology in April 1959 (1). 

t Predoctoral Fellow of the United States Public Health Serv- 
ice. 

1The abbreviations used are: FMN, riboflavin 5-phosphate; 
DCU, 3-(3,4-dichlorophenyl)-1,1-dimethyl urea; Tris, tris(hy- 
droxymethyl)aminomethane. 
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behaved essentially similarly, as did chloroplasts prepared 
according to the procedure of Jagendorf and Avron (11). 
“Tris-treated chloroplasts” were prepared by suspending the 
chloroplasts in 0.4 m Tris-HCl buffer of pH 7.8 at 0° and at a 
chlorophyll concentration of 0.01 mg per ml. The chloroplasts 
were recovered immediately by centrifugation in the cold, and 
resuspended in the medium used for the original isolation. 

The standard reaction mixture contained 100 umoles of Tris- 
HCl buffer of pH 7.8, 10 wmoles of MgCle, 5 umoles of ortho- 
phosphate of pH 7.8, 5 wmoles of ADP of pH 7.2, and chloro- 
plasts containing 0.1 mg of chlorophyll, with other additions as 
indicated, in a final volume of 25 ml. The vessels were illumi- 
nated from below with white light of about 2000 foot-candles. 
Incubation was carried out in 50-ml Erlenmeyer flasks for 10 
minutes at 15°. The N2 employed in all the experiments here 
reported contained about 0.5% Os When the reaction was 
carried out in No, the vessels were flushed with the gas for 5 
minutes while shaking in the water bath at 15°, before illumina- 
tion. When Hz gas and palladium were used, the vessels were 
first flushed with N»2 for 4 minutes, then with He gas for 3 min- 
utes, and the closed vessels were then subjected to a 5-minute 
period of shaking in the dark before illumination. Other experi- 
mental details have been described previously (9, 12). 

Cytochrome c from horse heart, horse radish peroxidase, and 
twice recrystallized liver catalase were products of Sigma Chem- 
ical Company. FMN and twice recrystallized hemoglobin were 
obtained from Nutritional Biochemicals Corporation. Other 
reagents were the same as previously described (9, 12). 


RESULTS 


Effect of Oxygen on Photophosphorylation with Different Con- 
centrations of FMN—The effect of oxygen on FMN-stimulated 
photophosphorylation is shown in Fig. 1. The rate of phos- 
phorylation was measured in an atmosphere of Ho, tank nitrogen, 
and air, with a series of different concentrations of FMN. The 
nitrogen contained about 0.5% oxygen. The system responded 
to quite low oxygen tensions, since the phosphorylation in tank 
nitrogen was definitely faster than that in Hz When He was 
used, a Pd catalyst was added to an inset in the vessel, to remove 
all oxygen formed during the incubation. Repetition of the 
experiment shown in Fig. 1 showed that the shape and relative 
positions of the curves were always about the same, though the 
position of the maxima in relation to the FMN concentration 
varied somewhat with different chloroplast preparations. 

The data summarized in Fig. 1 show that the oxygen effect is 
a function of the flavin concentration, in agreement with pre- 
vious reports, but a number of other facts are brought out which 
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Fig. 1. Effect of O2 with different concentrations of FMN. 
Conditions were those of standard reaction system. The numbers 
on the ordinate X 60 = umoles of phosphate esterified per mg of 
chlorophyll per hour. 
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Fig. 2. Effect of ascorbate. Conditions were those of standard 
reaction system with FMN and 2 X 10-* M ascorbate as indicated. 
The numbers on the ordinate X 60 = umoles of phosphate esterified 
per mg of chlorophyll per hour. 
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have not been previously appreciated. Firstly, the oxygen 
effect may be very large. At low FMN concentrations the 
phosphorylation is almost totally dependent on the presence of 
oxygen. Secondly, the “oxygen-requiring”’ photophosphoryla- 
tion at low cofactor concentrations is equal in magnitude to the 
maximum rate which can be achieved anaerobically with higher 
cofactor concentrations. At still higher cofactor concentrations, 
oxygen becomes increasingly inhibitory. These inhibitory effects 
have not yet been studied extensively. The experiments de- 
scribed below have been concerned primarily with the nature 
of the oxygen effect at low cofactor concentrations. It is of 
interest that cyanide at a concentration of 1 x 10-3 m had no 
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inhibitory action on the rate of this oxygen-stimulated phospho- 
rylation, whereas the dark cytochrome c oxidase from spinach 
chloroplasts is almost completely inhibited by 10-* m cyanide 
(13). 

Effects of Ascorbate—The effects of added ascorbate were tested 
because this reagent has been used so extensively by other in- 
vestigators of photosynthetic phosphorylation. Fig. 2 shows 
how addition of ascorbate to a final concentration of 2 x 10-3 y 
affects photophosphorylation in air and in nitrogen at different 
FMN concentrations. In the experiment shown in Fig. 2 a 
stimulatory action of ascorbate was observed both in air and in 
nitrogen. In other experiments, the stimulatory action of ascor- 
bate was always observed in nitrogen but the effects in air were 
irregular, and small inhibitions were sometimes seen. At higher 
flavin concentrations than those shown in Fig. 2, the effects of 
ascorbate became smaller. When the FMN concentration was 
sufficiently high so that the rates observed in nitrogen were 
equal to the rates observed in air, added ascorbate had no effect, 
The stimulatory effects of ascorbate shown in Fig. 1 could not 
be duplicated by DPNH, cysteine, or glutathione. The ascor- 
bate stimulation in H»-Pd was about 60% as great as that in 
nitrogen. 

Effects of Catalase, Peroxidase, and Ethanol—When catalase 
was added to the FMN-photophosphorylation system in air, 
there was no significant effect. When catalase was added in 
nitrogen, however, there was a stimulation at low FMN con- 
centrations, as shown in Fig. 3. If He-Pd was used instead of 
tank nitrogen, the effect of catalase was still appreciable, though 
smaller by about 50% than the effect in nitrogen. Fig. 4 shows 
the effect of increasing amounts of catalase at a constant FMN 
concentration of 2 X 10- m. A maximum stimulatory action 
was reached at about 20 ug of catalase per ml. The rate of 
photophosphorylation at this maximum was the same as that 
reached in air. Note that the amount of catalase employed in 
the experiment shown in Fig. 3 was suboptimal. 
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Fig. 3. Effect of catalase. Conditions were those of standard 
reaction system, with FMN and 2 yg of catalase per ml added as 
indicated. The numbers on the ordinate X 60 = umoles of phos- 
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The quantities of catalase required to achieve maximal results 
suggested that catalase acted by virtue of its peroxidative rather 
than its catalatic capacity (14-16). This conclusion was sup- 
ported by the demonstration that crystalline horse radish peroxi- 
dase had a stimulatory action apparently identical with that of 
catalase. The effects of both of these crystalline heme enzymes 
was totally abolished by heat inactivation. Hemoglobin or 
cytochrome c could not be substituted for catalase or peroxidase. 

The stimulatory action of catalase suggested that the effects 
of adding ethanol should be tested, since ethanol is a good sub- 
strate for the peroxidative action of catalase. Table I shows the 
results of adding ethanol to the system. The ethanol was used 
at a concentration at which it did not affect the photophosphoryl- 
ation rate in the absence of catalase. The addition of ethanol 
with catalase in air likewise had no effect on the rate of photo- 
phosphorylation. In contrast, the added ethanol completely 
abolished the stimulatory action of catalase under nitrogen. 

Effects of DCU, Orthophenanthroline, and Tris Treatment— 
The stimulatory effect of oxygen on FMN-dependent photo- 
phosphorylation was very sensitive to DCU. Results of two 
experiments illustrating this sensitivity are shown in Table II. 
At a concentration of 2 x 10-7 m, DCU abolished the oxygen 
effect almost completely, although this concentration of inhibi- 
tor had a slightly stimulatory action on the rate of photophos- 
phorylation in Ne. Orthophenanthroline at 4 x 10-* m and 
hydroxylamine at 5 x 10-‘ m had an action similar to that of 
2x 10-7 m DCU. The stimulatory effects of ascorbate and 
catalase were also very sensitive to these inhibitors. 
sults with orthophenanthroline are shown in Table III. 

The high sensitivity to inhibitors such as DCU of the oxygen- 
dependent flavin-linked photophosphorylation suggested that the 
response to oxygen was dependent on the ability of the chloro- 
plasts to perform a net photoreduction of the flavin with O» 
evolution. Under identical circumstances, photooxidative phos- 
phorylation with catalytic amounts of trichlorophenol indophenol 
was also inhibited, but could be almost completely reactivated 
by the addition of reductants such as glutathione and DPNH, 
as previously described (8, 9). The addition of these reductants 
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TABLE I 
Effect of catalase and ethanol 
Standard assay system with 1.6 X 10-°>m FMN. 40 ug of cata- 
lase and 25 mg of ethanol added as indicated. 
| —AP;* 
Additions 
| Air Na 
pmoles pmoles 
Mi a wditc cow kb sipeee nats 3.0 0.7 
eT ee 3.1 2.6 
2.6 
Rthanol........ 3.0 0.9 
Catalase + ethanol...... 3.0 0.4 
0.4 


* P;, inorganic phosphate. 


TABLE II 
Effect of 3-(3,4-dichlorophenyl)-1,1-dimethyl urea (DCU) 
on oxygen stimulation 


Standard assay conditions with 2 X 10-'m FMN. DCU where 
indicated was 2 X 1077 m. 








—AP;* 
Experiment No. | Additions ——-~—- —-- — 
Air | N 
- paren -_ pmoles . 
1 | None 2.5 0.4 
DCU 0.8 0.5 
2 None 3.5 1.0 
DCU 1.6 1.4 


* Pj, inorganic phosphate. 


TaBLe III 
Effect of orthophenanthroline 
Standard assay system with 1.6 X 10-°>m FMN. 60 ug of cata- 
lase, 5 wmoles of ascorbate, and 1 umole of orthophenanthroline 
added where indicated to 2.5 ml of reaction volume. 








Additions —APj* 
Experiment No. Ortho- 1 
phenan- | Catalase | Ascorbate Air Ne 
| throline 

pmoles pmoles 

1 } = - ~ 3.3 0.5 
+ _ - 0.9 0.5 

_ + - 3.4 | 1.9 

+ + - 0.9 0.4 

- - + 2.9 2.4 

+ - + 1.0 1.2 

2 - - _ 3.2 1.2 
+ - _ 1.0 0.9 

- + - 3.3 3.1 

+ + _- 1.0 0.9 

| - - + 33 | 3.3 

| + - + ei ee 


| 
| 
| 
| 
| 
| 
| 
' 


* P;, inorganic phosphate. 


had no reactivating effect on the flavin system inhibited by 
DCU. Some of these facts are illustrated in Table IV. The 
figures in the table represent umoles of orthophosphate taken 
up in the standard assay time of 10 minutes with the same chloro- 
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TaBLe IV 


Differential response of riboflavin phosphate 
(FMN) and indophenol systems 


Figures represent uymoles of phosphate esterified in 10 minutes. 
The reaction mixtures contained, in wmoles: Tris buffer of pH 
7.8, 50; phosphate of pH 7.8, 2; ADP, 2.5; MgCle, 10; either 0.04 
of FMN or 0.5 of trichlorophenol indophenol as indicated; chloro- 
plasts containing 0.1 mg of chlorophyll and water to a total vol- 
ume of 1.5 ml. DCU was 3 X 10-7 mM. The chloroplasts were 
prepared according to the method of Jagendorf and Avron (11). 
‘‘Tris-treated chloroplasts’? have been described under ‘‘Experi- 
mental.” 


Trichlorophenol 


FMN indophenol 
Conditions ee en 

No DPNH, | No DPNH, 

DPNH lumole | DPNH 1 umole 
Control-air........ 2.0 $8 | #42 | 44 
N. atmosphere...........| 0 0 | o1 | 0.1 
DCU-air.................] 0.4 0.4 0.5 | 0.9 

Tris-treated chloro- 

plasts-air........ 0.2 0.2 0.2 0.6 


TaBLe V 
Effects of tris(hydrorymethyl)aminomethane (Tris) treatment on 
chloroplast reactions 
Figures represent uwmoles change per mg of chlorophyll per 
hour. Reaction mixture and conditions for measurement of pho- 
tophosphorylation were those described in the legend for Table 
IV, with the changes noted. Photoreduction of trichlorophenol 


indophenol was measured according to the method of Jagendorf 
(17). 





Tris- 





Reaction measured idcmees | Sees" 

| | plasts 
Photoreduction of TCP*....... Ska ees 203 | 7 
—AP; with 1 X 10-°'m FMN inair.......... ss | 0 
—AP; with 6.7 X 10-5>m PMS in Nz. . eee 93 93 
—AP; with 0.5 umole TCP in airt. .. wer, 55 0 

—AP; with 0.5 umole TCP and 2umoles DPNH 

in airt ‘3 : 38 24 


* TCP, 2,3’,6-trichlorophenol indophenol; PMS, 
phenazonium sulfate; Pj, inorganic phosphate. 

+t Dye acting catalytically. 

t Reduced dye photooxidized. 


N-methyl 


plast preparation under conditions that differed as specified. 
The first two columns show the results obtained with limiting 
amounts of flavin under conditions where O2 was required. The 
second two columns show the results obtained with trichloro- 
phenol indophenol, for which reaction O2 was also required. 
The inhibitory effect of 3 x 10-7 m DCU (third line) on the 
flavin reaction was not relieved by DPNH, but added DPNH 
relieved most of the inhibitory effect of the DCU on the indo- 
phenol-linked reaction. The fourth line shows the results ob- 
tained with the same chloroplasts after they had been treated 
with concentrated Tris buffer of pH 7.8. Most of the oxygen- 
dependent flavin effect was lost, but appreciable photophos- 
phorylation was still observed with indophenol and DPNH, an 
oxygen-dependent reaction. 

The treatment of chloroplasts with Tris buffer of pH 7.8 was 
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found to be a useful procedure to obtain spinach chloroplasts 
which were almost completely incapable of performing a photo- 
reduction of an added Hill reagent, but which still retained much 
of their capacity to carry out anaerobic photophosphorylation 
with suitable high concentrations of cofactors. These chloro- 
plasts could still perform photooxidative phosphorylation with 
trichlorophenol indophenol and DPNH, but their flavin-linked 
response to oxygen was lost. Some of these effects of Tris 
treatment are illustrated by the data in Table V. The chloro- 
plasts used in this particular set of experiments had relatively 
low activity, but the major results of Tris treatment are clearly 
shown. The treated chloroplasts had lost most of their capacity 
for photoreducing trichlorophenol indophenol, and all of the 
oxygen-dependent photophosphorylation with low concentra- 
tions of FMN. Other experiments showed that the Hill reaction 
with ferricyanide was also lost. In the particular set of measure- 
ments assembled in Table V, anaerobic photophosphorylation 
was determined not with flavin but with a concentration of N- 
methyl! phenazonium sulfate previously shown to give an optimal 
response in nitrogen. In other experiments, when 2 X 10-44 
FMN was employed to measure photophosphorylation in nitro- 
gen, the phosphorylation rate of the Tris-treated chloroplasts 
was about two-thirds of that of the untreated chloroplasts. The 
reaction with N-methyl phenazonium sulfate was particularly 
well retained on Tris treatment. The last two lines of Table V 
show that the oxygen-dependent photophosphorylation with 
trichlorophenol indophenol was also lost on Tris treatment. 
This was as expected, since the chloroplasts could not photore- 
duce the oxidized dye. The results in the last line of the table 
indicated that when the dye was added with the reductant 
DPNH, then the Tris-treated chloroplasts could perform the 
photooxidative phosphorylation. 


DISCUSSION 


The present studies have defined some of the conditions under 
which oxygen affects photosynthetic phosphorylation by spinach 
chloroplasts in the presence of the cofactor FMN. The maxi- 
mum rate of photophosphorylation with added FMN varied with 
different chloroplast preparations from about 100 to 250 uwmoles 
of phosphate esterified per mg of chlorophyll per hour. Under 
anaerobic conditions, achievement of the maximum rate re- 
quired relatively high concentrations of FMN (2 to3 x 107‘). 
The same maximum rate was also reached with only 1 x 10-°m 
FMN, but under the latter circumstances the photophosphoryl- 
ation was almost completely dependent on the presence of 
oxygen. The oxygen-dependent, FMN-linked photophosphoryl- 
ation was shown to be different from the oxidative photophos- 
phorylation elicited by indophenol dyes. This does not necessar- 
ily mean that the site of phosphorylation is different, but rather 
that there is a different type of interaction between the added 
cofactor (7.e. FMN or trichlorophenol indophenol) and the other 
oxidation-reduction components of the photophosphorylating 
systems. 

In the case of trichlorophenol indophenol, the phosphorylation 
has been shown to occur during photooxidation of the reduced 
dye (9). This process can occur in chloroplasts that have lost 


their capacity to photoreduce the dye, either by treatment with 
Tris buffer or by the addition of suitable inhibitors such as DCU. 
In contrast, the oxygen-dependent, FMN-linked photophos- 
phorylation occurs only with chloroplasts capable of performing 
A reasonable interpretation is that in the latter 


Hill reductions. 
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case the photophosphorylation requires net photoreduction of 
added FMN, and that the reduced flavin must be reoxidized by 
oxygen, either enzymatically or nonenzymatically if the cycle is 
to be repeated, a suggestion already advanced by Jagendorf and 
Avron (7) to explain the oxygen effects that they observed with 
low cofactor concentrations. The possibility is not excluded that 
the oxygen acts to reoxidize another reductant also, as well as 
the reduced flavin. The gradual disappearance of the stimula- 
tory effect of oxygen with increasing concentrations of flavin 
can be attributed to the fact that flavin or a photooxidant formed 
in the chloroplasts, or both, can replace oxygen completely 
when there is a sufficiently high concentration of added flavin. 
In other words, the oxygen requirement can readily be bypassed 
if sufficient cofactor is available. 

Stimulatory effects of ascorbate have been reported both by 
the Berkeley group (18) and by Wessels (5) and Ohmura (19). 
Arnon et al. (10) first assigned to ascorbate a role as a functioning 
member of an oxidation-reduction ladder, but concluded later 
that ascorbate functions mainly as a stabilizing agent (18), a 
conclusion also reached by Ohmura (19). The present studies 
show that ascorbate stimulates FMN-linked photophosphoryla- 
tion under conditions where oxygen likewise enhances the reac- 
tion. Like the oxygen stimulation, the ascorbate stimulation is 
very sensitive to DCU. This, coupled with the fact that the 
assay period was only of 10 minutes duration, suggests that the 
effects of ascorbate shown in Fig. 2 can hardly be due to stabili- 
zation. It seems more likely that ascorbate functions here (7.e. 
in the experiment of Fig. 2) by virtue of its action as a substrate 
for a photooxidant (20, 21) and that the photooxidation of ascor- 
bate tends to complete the cyclic reaction sequence associated 
with phosphorylation. This is of course no denial that ascorbate 
may also have a stabilizing effect on the chloroplasts. The 
ascorbate effects reported here differ also from those described 
by Wessels, who obtained stimulation only under aerobic condi- 
tions and with considerably larger amounts of ascorbate. 

Stimulatory effects of catalase and peroxidase of the type 
here described have not, to the authors’ knowledge, been noted 
previously. The experimental results suggest that these heme 
enzymes might potentiate the action of small amounts of oxygen 
by the use of the H.O2 formed on autooxidation of one molecule 
of reduced flavin to oxidize another molecule. There is reason 
to think, however, that the peroxide available to the heme cata- 
lyst is not all H,O2 formed by reduction of Oz. Thus catalase 
still has a marked stimulatory effect when the reaction is carried 
out in Hs with a Pd catalyst, where conditions are as anaerobic 
as can reasonably be achieved. Furthermore, the added catalase 
may increase the reaction rate 4- or 5-fold, rather than just 
doubling it. It is quite possible, therefore, that a peroxide pre- 
cursor of Oe serves as an oxidant for the peroxidative action of 
the heme enzymes. In any event, it is clear that when oxygen 
is in limiting supply, some reductant (formed after photon ab- 
sorption by the system) can be reoxidized by enzymatic peroxi- 
dation as well as by oxygen at sufficiently high tension. This 
peroxidation must complete the oxidation-reduction circuit, a 
process necessary for the cyclic recurrence of the phosphate 
esterification. If an external reductant such as ethanol is added, 
it supplants the reductant formed in the photophosphorylating 
system itself, and the stimulatory effect of the catalase is lost. 

Mehler (22-24) has shown that in the absence of other oxi- 
dants, illuminated chloroplasts can perform a photoreduction of 
oxygen to H.Os. At the same time, oxygen is evolved. If etha- 


T. Nakamoto, D. W. Krogmann, and B. Vennesland 


2787 


nol and large amounts of catalase are added, the H.Oz oxidizes 
the ethanol to acetaldehyde, and a net uptake of oxygen occurs. 
Good and Hill (25) suggested that the reduction of oxygen to 
H,0: was the result of the photoreduction of flavins present in 
the chloroplast preparation, followed by autooxidation of the 
reduced flavin, a process known to yield H:Oe. The effects of 
catalase and ethanol on FMN-linked photophosphorylation at 
low oxygen tension (i.e. in tank nitrogen) suggest that this sys- 
tem is a modified Mehler reaction. In order to obtain photo- 
phosphorylation, peroxide must be used, not to reoxidize an 
externally added reductant but to reoxidize a reductant formed 
within the system. If the peroxide is formed by reduction of 
Oz, the process should be accompanied by a simultaneous forma- 
tion of O2 and consumption of O2, even though no net O2 uptake 
can be detected. This can readily be tested with O8 with the 
techniques used so effectively by Brown and his associates 
(24, 26-29). It is of interest also that demonstrable net uptake 
of O2 should occur when catalase and ethanol are added to the 
FMN system in air, and that this should give a net O2 uptake 
which is not necessary for phosphorylation, but the phosphoryla- 
tion process should be accompanied by simultaneous O:2 evolution 
and consumption, in equal amounts, which can, again, be tested 
with O'8. The failure of catalase and ethanol to influence the 
reaction in air suggests that the peroxide formed in air is ex- 
pendable because O: itself can perform the necessary oxidation. 

The oxygen effects described in the present paper are not 
restricted to FMN. Unpublished results show that sets of 
curves similar to those of Fig. 1 can be obtained also with mena- 
dione and with N-methyl phenazonium sulfate, although the 
maxima occur at quite different cofactor concentrations. Per- 
oxidase and catalase have interesting and rather different effects 
with different cofactors, however. A more detailed description 
of these phenomena will be published later. In the meantime 
the present data with FMN as well as those with trichlorophenol 
indophenol (9) are presented in support of the view that oxygen 
may well have a physiological role in the photophosphorylation 
of leaves, a conclusion apparently opposed to that reached by 
Arnon et al. (18). The failure of Krall et al. (6) to observe any 
evolution or consumption of O2 during photophosphorylation is 
probably a consequence of their use of cofactors at a concentra- 
tion optimal under anaerobic conditions. The fact that oxygen- 
consuming reactions can readily be bypassed is not evidence 
that such reactions have no importance. 


SUMMARY 


A study has been made of the effect of oxygen on the photo- 
synthetic phosphorylation induced by addition of riboflavin 
phosphate (FMN), to spinach chloroplasts. The effect de- 
pended on the concentration of FMN. At low concentrations 
(approximately 1 xX 10-§ m), photophosphorylation was com- 
pletely dependent on O2. As the concentration of FMN was 
increased to 2 to 3 X 10-‘M, the system became independent of 
Oz. The maximum rates achieved for the anaerobic reaction 
and for the oxygen-dependent reaction were about equal, ranging 
with different chloroplast preparations from about 100 to 250 
umoles phosphate esterified per mg of chlorophyll per hour. 
Under conditions where oxygen was stimulatory, ascorbate was 
also stimulatory. Catalase and peroxidase stimulated the photo- 


phosphorylation when low oxygen tension was limiting the reac- 
The stimulatory effect of catalase was completely 
The relationship of these phenom- 


tion rate. 
abolished by added ethanol. 
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ena to the component parts of the Mehler reaction has been 
discussed. 

The oxygen-dependent FMN-linked photophosphorylation 
reaction occurred only with chloroplasts capable of performing 
the photoreduction of an added oxidant. The oxygen effect 
was very sensitive to 3-(3,4-dichloropheny])-1 , 1-dimethyl urea 
and similar inhibitors. Chloroplasts diluted in tris(hydroxy- 
methyl)aminomethane buffer of pH 7.8 were shown to lose their 
capacity to carry out a Hill reaction while they retained their 
capacity to carry out anaerobic photophosphorylation with FMN 
or with N-methyl] phenazonium sulfate. Their capacity to cause 
photooxidative phosphorylation of reduced trichlorophenol indo- 
phenol was also retained. This differentiated the O-dependent, 
FMN-linked reaction from the photooxidation with indophenol. 
A similar differentiation was achieved with inhibitors of the Hill 
reaction. The conclusion was drawn that the oxygen-stimulated 
photophosphorylation with low concentrations of FMN required 
photoreduction of FMN; and that the oxygen acted at least in 
part by reoxidation of the cofactor, and perhaps also by reoxida- 
tion of some other photoreductant. 

The results are regarded as support for the view that oxygen 
may have a physiological role in photophosphorylation of leaves. 
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Although bacteria of the genus Lactobacillus are typically 
microaerophilic or even anaerobic (2), some strains can oxidize 
certain substances with considerable rates of oxygen consump- 
tion (3-6). However, the pathways of electron transport in the 
course of these oxidations are not yet clearly defined. The role 
of heme catalysts is uncertain, since heme components could not 
be clearly demonstrated spectroscopically in several strains (8), 
and since such hemoprotein inhibitors as cyanide or carbon 
monoxide did not markedly inhibit certain oxidative activities 
(3, 4, 7) or did not appreciably inhibit growth in certain strains 
(8, 9). On the other hand, another organism identified as a 
lactobacillus showed respiratory activity sensitive to cyanide 
and carbon monoxide (4). The possible participation of flavo- 
protein terminal oxidases has been suggested (10), particularly 
since an accumulation of hydrogen peroxide characteristic of 
flavoprotein respiration is observed during some oxidative activ- 
ities by certain strains (3, 4, 10), and a flavin-dependent pyruvate 
oxidase system has been obtained from Lactobacillus delbrueckii 
(11). 

The present study was undertaken to characterize the quanti- 
tatively significant pathways of electron transport in oxidative 
activities of typical lactobacilli, with the thought that the results 
might bear on the general problem of flavin-linked respiration. 
Each of a group of representative microaerophilic lactobacilli 
was found capable of oxidizing rapidly a variety of substances. 
The transport of electrons to oxygen in the course of these oxida- 
tions did not appear to be mediated by hemoprotein catalysts, 
as no evidence of heme components or their action could be 
detected in any of these strains. However, specific flavin com- 
ponents were found in high concentration in each of the organ- 
isms studied, and a subsequent paper (12) examines individual 
flavoprotein enzyme systems responsible for electron (hydrogen) 
transport to oxygen during the oxidation of various substances 
by these organisms. 


METHODS 


Preparation of Cell Suspensions—Cultures of Lactobacillus 
arabinosus 8014, Lactobacillus casei 7649, L. casei 9595, L. del- 
brueckii 9649, Lactobacillus plantarum 8041, and Escherichia coli 
9637 were obtained from the American Type Culture Collection; 
the culture of L. delbrueckii Lafar was kindly supplied by Dr. F. 
Lipmann, and the culture of Saccharomyces cerevisiae NCYC 77 
by Dr. D. D. Woods. The organisms were maintained in this 
laboratory with monthly subculture in a complex liquid medium 
previously described (11), except for E. colt and S. cerevisiae, 


* This study was supported by grants from the Milton Fund of 
Harvard University and from the National Institutes of Health, 
United States Public Health Service (E-1052). A preliminary 
report of some of this work was presented previously (1). 
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which were maintained on agar slants of the same composition. 
To prepare cell suspensions for the studies reported here, the 
organisms were grown in a slightly modified medium, adjusted 
to pH 6.5, which contained, per liter, 15 g of Difco malt extract 
broth, 10 g of Bacto-tryptose, 5 g of Difco yeast extract, 3 g of 
glucose, 10 g of sodium acetate -3H,O, 200 mg of MgSO,-7H.0, 
10 mg of NaCl, 10 mg of FeSO,-7H,0, 10 mg of MnSO,-4H.0, 
and 10 mg of ascorbic acid. Twenty-hour starter cultures in 
logarithmic growth in this modified medium were used to inocu- 
late 5 liters of the medium placed in 6-liter Florence flasks. The 
flasks were exposed to air, but the cultures were not aerated or 
agitated during growth; the temperature for growth was 37° 
for L. delbrueckit Lafar and L. delbrueckii 9649, and 30° for other 
strains. The size of the starter inoculum was adjusted so that 
the logarithmic phase of growth in the large cultures was com- 
pleted in approximately 18 hours, and the cells were harvested 
by centrifugation at 23 hours, washed twice with cold water and 
resuspended in cold 0.02 m phosphate buffer, pH 7.0, to give ¢ 
concentration of approximately 75 mg dry weight of cells per ml. 

Dry Weight Determinations—Culture densities and the dry 
weight equivalent of cell suspensions routinely were determined 
turbidimetrically with a Klett photoelectric colorimeter cali- 
brated for each organism; gravimetric determination of dry 
weight (13) was used as the basis of the calibrations. 

Broken Cell Preparations—Cells suspended in 0.02 m phosphate 
buffer, pH 7.0, were disrupted by sonic vibration at 0° in a 
Raytheon 9-kc. oscillator for 60 minutes. 

Manometric Assays—Measurements of oxygen consumption 
were made at 37° by conventional Warburg procedures, routinely 
with air as gas phase. Appropriate amounts of cells (5 to 25 
mg cell dry weight) were suspended in 0.05 m phosphate buffer, 
final pH 6.8, containing any additional components as noted in 
the text. Unless otherwise noted, substrates were added from 
side arms after temperature equilibration to give a final concen- 
tration of 0.1 m in a 3 ml fluid volume; acidic substrates were 
added as neutralized solutions of sodium salts. Center wells 
normally contained 2 n KOH; for measurements on cyanide 
inhibition this was replaced with appropriate KCN-KOH mix- 
tures (14), and the desired final concentration of cyanide was 
added to the main chamber as KCN. For measurements on 
carbon monoxide inhibition, gas mixtures were prepared in 
Mariotte bottles by displacement, and the manometric vessels 
filled with these mixtures by the evacuation procedure described 
by Burris (15). The QG; values were calculated from periods, 
generally 1 hour, of essentially linear activity after addition of 
substrate. 

Flavin Extraction and Assay—Total flavin extractions were 
routinely carried out by a procedure similar to that of DeLuca 
et al. (16). Cell suspensions in 5 volumes 0.02 m phosphate 
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TaBLe I 
Oxygen consumption by cell suspensions of lactobacilli in 
presence of various substrates 

Fresh cell suspensions, prepared as described under ‘‘Methods,”’ 
were assayed by the conventional manometric procedures detailed 
under ‘‘Methods.’’ Each recorded value is the mean of assays 
performed in duplicate on each of the number of separate cultures 
indicated. Substrates were added in 0.1 m concentration. 





| Microliters O2 per hour per mg cell dry weight in 
| presence of substrate noted 





' 


a ' ., 

2 | = 

Organism is je | | e no 

2 |s SI >, 22 

Elz. | — 2 is |€,| $8 | oe 

| a] | eo | ro) oe no oe |2 

(Sgiez| § | 3 | & | & |Ss|\ 88) & 38 

—_—_—___|— | j-— | ‘ : oan = 
Lactobacillus | | 
arabinosus | | 

8014. . | 2 | 1.0) 15.2) 6.4 4.2) 19.8! 3.1) 11.4) 1.2/23.1 

L. casei 9595. 5 | 1.0} 21.2) 2.8 14.5) 21.9) 1.7) 24.0) 3.2/13.4 

L. casei 7469.| 2 | 1.2, 15.1) 3.0 | 15.0 19.8 2.8 27.0 23.812.2 


L. delbrueckii| | | 





Lafar.....| 3 | 2.8) 5.7; 8.3] 8.3| 3.0 3.1) 3.6) 3.1118.1 
L. delbrueckii | | | 

9649......./ 4 | 2.5] 11.9115.7 | 21.6) 2.7/2.8 4.1] 2.534.3 
L. plantarum| | 

8041....... | 3 | 2.4) 4.7] 5.6 | 2.6 12.2) 2.9 4.1) 2.7) 9.7 





* Activity in presence of 100 ug z.0f methylene blue per > ml. 


buffer, pH 7.0, were heated in a boiling water bath for 5 minutes, 
cooled rapidly, and centrifuged at 20,000 x g to obtain a clear 
extract; the residue was washed once with one volume of the 
buffer and the washings added to the extract. Control experi- 
ments indicated that the procedure achieved essentially complete 
extraction and recovery of total flavin content, with yields com- 
parable to those obtained by methanol extraction (10), by auto- 
claving in acid solution (17), or by extraction with trichloroacetic 
acid (18). 

The total flavin extract was assayed with a Beckman model 
DU spectrophotometer by determination of the difference in 
absorbancy at 450 my between the extract in the oxidized state 
in air and the extract after reduction with hydrosulfite. For 
the measurements in the reduced state, extracts were placed in 
the main chamber of special vessels consisting of a Thunberg 
tube fused to a standard Beckman corex cell, and solid sodium 
hydrosulfite was added in a nitrogen atmosphere. Flavin 
concentration was calculated with a value of 1.09 x 104 for the 
difference in molar absorbancy index, ay, at 450 my between 
oxidized and reduced states, as determined for riboflavin or 
FAD. Since complete absorption spectra indicated that flavins 
were the only major components absorbing specifically at 450 
my, the absorbancy at this wave length in the oxidized state 
could be used as a direct measure of flavin content (17), but the 
present procedure gave more reproducible values by correcting 
for small and variable amounts of nonspecific absorbance en- 
countered with some preparations. 

Identification of Flavin Components—To determine the relative 
concentration of various flavin components, extracts were pre- 
pared by homogenizing cell suspensions with 10% trichloro- 
acetic acid at 0° in dim light, followed by centrifugation. The 


clear extracts were quickly neutralized (18), and then con- 


Electron Transport in Lactobacilli 


Vol. 234, No. 10 


centrated and freed from salts (19). The final extracts were 
spotted on Whatman No. 1 paper and ascending chromatograms 
were developed in the dark with various solvents, including the 
top phase of 4:1:5 n-butanol-acetic acid-water, the bottom 
phase of 6:4 tert-butanol-water, and 5% NasHPO, in water, 
Individual flavins were identified and relative concentrations 
estimated by fluorescence of flavin spots on the dried papers in 
ultraviolet light (20). Preliminary tests with riboflavin, ribo- 
flavin phosphate, and FAD standards at concentrations similar 
to those encountered in the bacterial preparations indicated that 
this extraction procedure permitted recovery of at least 75% of 
each flavin component, without cleavage of FAD or riboflavin 
phosphate. 

Chemicals—F AD, riboflavin phosphate, and cytochrome c were 
obtained from Sigma Chemical Company; methylene blue, ribo- 
flavin, and sodium pyruvate from Nutritional Biochemicals 
Corporation; and dihydroxyacetone, pi-glyceraldehyde, and 
sodium glycerophosphate (a, 8 mixture) from California Founda- 
tion for Biochemical Research. Other chemicals were of ana- 
lytical reagent grade. 

RESULTS 

Oxidation of Various Substrates by Cell Suspensions—The data 
of Table I show that cell suspensions of each of six representative 
microaerophilic strains of lactobacilli could oxidize a number of 
substances related to carbohydrate metabolism with considerable 
rates of oxygen consumption, although the levels of activity and 
the nature of the substrates preferentially attacked varied with 
the different strains. With a number of other substrates tested, 
including acetate, succinate and citrate, the rate of oxygen 
uptake was lower, in some cases not appreciably above the 
endogenous respiration rate. In some instances a low rate of 
oxidation may have reflected difficulty in entering the cell; 
this appeared to be the case for glycerophosphate, which was 
oxidized more rapidly by broken cell preparations than by 
intact cells (12). 

The oxidative activities observed for a given organism were 
reproducible in duplicate cultures: activities toward a rapidly 
oxidized substrate fell within the range ough? of the mean, and 
endogenous activities fell within the range +25% of the mean. 
The patterns of oxidative activities did not vary markedly when 
the time of harvest was varied within the period from 4 hours 
before to 6 hours after the standard time of harvest. Further, 
studies on the effect of different oxygen tensions during growth 
indicated that the standard semiaerobic culture conditions 
produced optimal growth and activities with the medium and 
strains employed. 

Effect of Methylene Blue on Oxidative Activities—As is indicated 
by the last column of Table I, the rate of oxygen consumption 
by each strain with lactate as substrate was markedly increased 
by addition of methylene blue. In contrast, endogenous respira- 
tory rates were less than doubled, and the rates of oxidation for 
other substrates tested, including glucose, glycerol, glycerophos- 
phate, dihydroxyacetone, and pyruvate, were not appreciably 
stimulated except in a few cases; e.g. glucose oxidation was 
stimulated 45% in L. arabinosus 8014, 70% in L. delbrueckii 
9649, and 40% in L. plantarum 8041. The specific stimulatory 


effect on lactate oxidation by an artificial mediator of terminal 
transport to oxygen suggests that the capacity of these cells to 
dehydrogenate lactate greatly exceeds their ability to transport 
these hydrogens further to oxygen. 
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Attempts to Detect Heme Components—To examine the possible 
involvement of heme catalysts in electron transport to oxygen 
in the lactobacilli, several procedures were used to test for the 
presence of heme components in the six strains under study. 
Heavy cell suspensions (80 mg cell dry weight per ml) and broken 
cell preparations prepared as described under “Methods” were 
examined in layers 1 em thick with a direct vision prism spec- 
toscope assembly. Observations were made both at 25° and at 
low temperatures by cooling the samples with liquid nitrogen 
as described by Keilin and Hartree (21); sodium hydrosulfite 
was added to insure reduction of any heme components. No 
absorption bands indicative of heme components were discernible 
with preparations from any of the strains of lactobacilli under 
study, and attempts to demonstrate pyridine hemochromogen 
formation with these preparations by adaptation of the method 
of Elliott and Keilin (22) were similarly negative. Since as 
little as 4 X 10-7 m cytochrome c added to the preparations was 
readily detected, it may be calculated from the failure to detect 
heme components in the lactobacilli preparations of the concen- 
trations employed that heme components, if not completely 
absent from these organisms, can occur only in concentrations 
of less than 5 X 10-” mole per mg cell dry weight. In contrast, 
suspensions of EF. coli 9637 or of S. cerevisiae NCYC 77, which 
possessed oxidative activities of magnitudes comparable to those 
of the lactobacilli studied, both showed definite cytochrome 
absorption bands and pyridine hemochromogen bands. 

Attempts were also made to extract heme components from 
cell suspensions and broken cell preparations of L. casei 9595 
following either the extraction procedure of Morrison and Stotz 
(23), which employed acidified acetone extraction after pre- 
liminary dehydration, or an adaptation of the procedure of 
Rawlinson and Hale (24), which involved repeated extractions 
successively by ethanol, aqueous acetone, acidified acetone at 2°, 
and acidified acetone at room temperature. The various ex- 
tracts were concentrated under vacuum or were lyophilized and 
resuspended in acidified aqueous acetone, then examined spectro- 
photometrically as described below. Washed ether extracts 
were then prepared from these solutions in order to eliminate 
flavin components (23, 24), and the ether extracts re-examined 
spectrophotometrically. Control tests showed that heme com- 
ponents in low concentrations were essentially quantitatively 
transferred to the final ether extracts. 

The absorption spectra of all extracts, concentrated to an 
equivalent of 3 g original cell dry weight per ml of extract were 
determined over the range 300 to 700 my with a Beckman model 
DU spectrophotometer in cells with 1 cm light path. None of 
the lactobacilli extracts showed any evidence of absorption 
bands indicative of heme or porphyrin components in the visible 
range or in the Soret band regions. In control experiments, 
minute amounts of hemoglobin, either alone or added to the 
lactobacilli preparations, were carried through the complete 
extraction and processing procedures, and definite hemin absorp- 
tion peaks were observed with final ether extracts from amounts 
of hemoglobin standards equivalent to 1 X 10-" mole heme per 
mg cell dry weight of lactobacilli. 

Aliquots of the final ether extracts from L. casei 9595 were 
also spotted on chromatographic paper and subjected to a 
benzidine test for hemin (23). These preparations gave negative 
results when the quantities employed should, on the basis of 
control experiments with heme standards, have permitted detec- 
tion of heme components in concentrations equivalent to 1 x 
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Taste II 
Flavin content of lactobacilli 


With the use of the standard procedure as described under 
‘‘Methods,’’ freshly harvested, washed cell suspensions of each 
strain were extracted at 100° with phosphate buffer and the total 
flavin content of the extracts assayed spectrophotometrically. 
The values recorded represent the mean and mean deviation of 
results obtained in assays on 3 to 6 separate preparations of each 
organism. 





Organism | Flavin content of cells 





| mole X 1071°/mg cell dry 
weight 

Lactobacillus arabinosus 8014. . eal 2.32 (40.12) 
. caset 9595 cated 2.75 (+0.10) 
. casei 7649 ' ; ; 3.62 (+0.03) 
. delbrueckii Lafar 1.78 (+0.26) 
. delbrueckii 9649 2.48 (+0.29) 
. plantarum 8041 1.09 (+0.04) 


SOOsS 


10-“ mole heme component per mg cell dry weight of L. casei 
9595. Similar extracts from S. cerevisiae NCYC 77 gave intense 
positive reactions in this benzidine test. 

Inhibitor Studies—The rates of oxygen uptake by cell suspen- 
sions of the various strains in absence of added substrate or with 
added glucose, glycerol, pyruvate, lactate, or lactate plus meth- 
ylene blue were examined by the manometric procedures de- 
scribed under ‘“‘Methods” in presence and absence of 1 X 10-7 m 
cyanide and 2 X 10-* Mm azide. These agents produced either 
no inhibition or only minor inhibition (less than 10%) of the 
activities tested, aside from a partial inhibition of glucose oxida- 
tion by azide which ranged from 7% in L. delbrueckii Lafar to 
39% in L. casei 9595. Further, glucose and pyruvate oxidation 
in L. casei 9595 were not inhibited by use of 95% carbon monox- 
ide-5% oxygen in the dark as gas phase, as compared with 
controls of 95% nitrogen-5% oxygen as gas phase. 

Catalase Assays—Cell suspensions and broken cell preparations 
of L. casei 9595 and L. delbrueckii Lafar showed no catalase 
activity, as assayed by iodometric titration (25) of the amounts 
of added hydrogen peroxide remaining after incubation with the 
bacterial preparation. 

Flavin Content of Cells—Table II shows that the total flavin 
content of the six lactobacilli, when grown under the standard 
conditions of this study, were all of the same high order of magni- 
tude, within the range 1.1 to 3.6 x 10-!° mole of flavin per mg 
cell dry weight. 

Identity of Flavin Components—Freshly harvested, washed cell 
suspensions of L. casei 9595 grown under the standard condi- 
tions of this study were extracted with trichloroacetic acid, and 
the extracts were processed and chromatographed with three 
different solvent systems as described under “Methods.” Ex- 
amination of the flavin spots under ultraviolet light indicated 
that by far the major flavin component was FAD or a substance 
chromatographically indistinguishable from FAD. A _ small 
quantity of riboflavin phosphate or chromatographically similar 
material, on the order of 10% of total flavin content, was always 
observed, but no riboflavin or other flavin could be detected. 

Extracts of L. casei 9595 cells were also prepared by the routine 
extraction procedure, but with 0.02 m phosphate, pH 7.0, fol- 
lowed by concentration under reduced pressure and assay by 


activation of D-amino acid oxidase apoenzyme (26). These 
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TaB.e III 


Effect of high riboflavin content of growth medium on flavin 
content and oxidative activities of L. casei 9595 


Cells were grown in the standard liquid medium with excess 
riboflavin added as noted below, then harvested and processed 
in the usual manner described under ‘‘Methods,”’ except that the 
cells were washed three times with cold water to insure removal 
of extracellular flavin. Oxidative activities were determined by 
conventional Warburg manometric techniques and flavin content 
of cells was determined on extracts as described under ‘‘Methods.’’ 














Qost with substrate added as noted: 


Riboflavin excess in |Flavin content of 
growth medium* harvested cells | 


None 


* Riboflavin added in excess of flavin present in standard 
growth medium. 

+ Microliters O2 per hour per mg cell dry weight. 

t Activity in presence of 100 ug of methylene blue per ml. 


added Glucose | Lactatet Pyruvate 
as an : — - 
mg/liter | —_— Se ecter 
0 2.7 | £4 21.0 | 12.5 | 14.0 
5 | 3.6 1.4 | 29.0 | 13.9 | 14.5 
50 | 9.6 | 08 | 31.6 | 13.4 | 14.9 


assays indicated an FAD content of 2.1 x 10-!° mole per mg 
original cell dry weight, again the major portion of the total 
cell flavin content. 

Effects of High Riboflavin Concentration in Growth Medium— 
Riboflavin or other suitable flavin is an essential nutrient for 
many lactobacilli (27), and the standard liquid growth medium 
used in the present study contained a low concentration of flavin, 
equivalent to a maximum of 0.5 mg of riboflavin per liter. The 
effects of high flavin concentrations in the growth medium on 
flavin content and oxidative activities of L. casei 9595 cells are 
indicated in Table III. Increasing flavin concentration in the 
growth medium was paralleled by an increased flavin content 
of the harvested cells, but analysis of these flavin components 
by the paper chromatographic procedures described above 
indicated that the increased flavin content represented largely 
or entirely an accumulation of riboflavin in the cells, with no 
noticeable increase of FAD or riboflavin phosphate. The oxida- 
tive activities similarly did not show a general rise; of those 
tested, only the rate of glucose oxidation showed an appreciable 
increase. 


DISCUSSION 


The very considerable capacity of the lactobacilli examined 
in this study to oxidize a variety of substances suggests catalytic 
systems of potential metabolic significance at least under some 
circumstances, particularly as the rapidly metabolized substances 
included glucose, glycerol, and intermediates in the common 
pathways for biological utilization of these important metabolites. 
Studies of oxidative and fermentative utilization of glucose in 
L. casei 9595 confirm that fermentative capacity exceeds oxida- 
tive capacity, but that in a situation where the supply of sub- 
strate is limited, the continuing oxidative activity after the 
fermentation products have reached a maximum level may result 
in ultimate oxidative utilization of a large proportion of available 
substrate. Further, the relatively stable levels of oxidative 
activity reported here refer to cells harvested during a period 


1C. F. Strittmatter, unpublished experiments. 
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of stable culture density after the phase of logarithmic growth, 
whereas oxidative activities may be considerably greater during 
earlier phases of rapid culture growth (28). 

Several lines of evidence suggest strongly that the pathways 
of electron (hydrogen) transport to oxygen in the course of these 
oxidative activities did not involve heme catalysts in any of the 
lactobacilli studied. The spectroscopic, spectrophotometric, 
and benzidine tests failed to detect heme components under 
conditions where they could have detected as little as 5 K 10-8, 
1 X 10-, or 1 X 10-* mole of hemin per mg cell dry weight, 
respectively. In contrast, the heme components of cells from 
organisms which show heme-linked oxygen uptake of comparable 
rates are generally readily demonstrated by spectroscopic means 
and are present in concentrations of a clearly higher order of 
magnitude than the maximum levels defined above for any pos- 
sible undetected heme components in the lactobacilli studied 
here (29-32). Further, the inhibitor studies with the lactobacilli 
showed no marked inhibition of oxygen uptake by cyanide, azide, 
or carbon monoxide when these agents were employed in con- 
centrations which characteristically produce marked inhibition 
of heme-linked terminal oxidation (31, 33-35). These observa- 
tions pertain specifically to cells obtained under the particular 
conditions of this study, and it is not certain to what degree they 
hold for all culture conditions or other strains of lactobacilli, 
The mechanism of the partial inhibition by azide of glucose 
oxidation is uncertain, but azide produces a similar decrease in 
the fermentative production of lactic acid from glucose in L. 
casei (36). Azide inhibition at dehydrogenase rather than 
terminal oxidase levels has been reported in other organisms (37) 
and this inhibitor in low concentrations is known to inhibit a 
number of nonhemin enzymes. 

Flavin-linked terminal oxidases appear to serve as the prime 
mediators of electron (hydrogen) transport to oxygen in these 
lactobacilli. Each strain examined in this study possessed a 
high flavin content, and similar high flavin levels have been 
reported for other related strains of lactobacilli (10, 16, 38). Itis 
further suggestive that the flavin complement of L. casei 9595 
included a high content of the coenzyme forms, FAD and ribo- 
flavin phosphate, and that the concentrations of these forms, 
like the general level of oxidative activity, were not sharply 
increased by growth in media of high riboflavin content. Active 
participation of flavoprotein oxidases is more definitely intimated 
by accumulation of peroxide during oxidative metabolism by 
cells of certain strains, including some strains used in the present 
study.!. Such peroxide accumulation can be demonstrated 
during oxidation of various substrates by cell-free preparations 
even with strains such as L. caset 9595 which showed no appre- 
ciable accumulation of peroxide by whole cell suspensions (12). 
Finally, cell-free preparations have been obtained which contain 
substrate-specific, flavin-linked oxidase systems whose activities 
‘an account for the rapid oxidation of various substances by the 
intact cells (12). 


SUMMARY 


Cell suspensions of six representative strains of microaerophilic 
lactobacilli showed considerable capacities for electron (hydro- 
gen) transport from a variety of substrates to oxygen. These 


oxidative capacities did not appear to involve hemoprotein 
‘atalysts, since no heme components could be detected in any 
of these strains by spectroscopic examination or by more sensitive 
spectrophotometric or benzidine tests, and since heme inhibitors 
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did not produce characteristic inhibition of oxygen uptake with 
various substrates. 

Flavin components were present in high concentrations, rang- 
ing from 1.1 to 3.6 X 10- mole of flavin per mg cell dry weight 
for the various strains with the culture conditions employed. 
These values represent relatively constant basic levels composed 
mainly of flavin adenine dinucleotide, with small amounts of 
riboflavin phosphate, and little or no free riboflavin. Free ribo- 
flavin may accumulate in large quantities in cells grown in high 
flavin media. Suggestive evidence for the primary role of flavin- 
linked terminal oxidases in the oxidative activities of these 
organisms is presented and discussed. 
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A previous communication (2) indicated that heme-linked 
enzymes were not involved in the very considerable capacities 
of various representative microaerophilic lactobacilli for electron 
transport from a variety of oxidizable substrates to oxygen, but 
that specific flavin components were present in high concentra- 
tion in each of these organisms. To determine the possible 
central role of flavin enzymes in electron transport to oxygen 
in these organisms, the catalytic systems capable of oxidizing 
various substrates have been studied with soluble enzyme prep- 
arations obtained from cells disrupted by sonic oscillation. The 
present paper describes such studies with a strain of Lactobacillus 
casei, and comparable studies with certain oxidative systems 
were pursued with other lactobacilli as well. The results suggest 
that electron transport to oxygen in these lactobacilli is largely, 
if not exclusively, mediated by a series of substrate-specific, flavin 
adenine dinucleotide-requiring enzyme systems. 


METHODS 


Enzyme Preparations—Cultures of Lactobacillus casei 9595 
and of other strains were grown and harvested as previously 
described (2). All subsequent steps were carried out at 0-2° 
unless otherwise noted. The harvested cells were washed twice 
with water and suspended in 0.02 m phosphate buffer, pH 7.0, 
to give a concentration of approximately 75 mg cell dry weight 
per ml. For cell-free preparations, 30 ml aliquots of the suspen- 
sion were subjected to sonic vibration in a Raytheon 9 ke. 
magnetostriction (sonic) oscillator at 0° for 60 minutes. The 
resultant ‘‘broken-cell preparation” was centrifuged 30 minutes 
at 20,000 x g, and the yellow “cell-free extract” separated from 
the “particulate residue.” Solid (NH4)2SOx, sufficient to bring 
the solution to 75% saturation was added to the cell-free extract 
gradually and with constant stirring in an ice bath. Stirring 
was continued for 30 minutes after solution of the (NH,4).SO, 
and the enzyme precipitate then recovered by centrifugation for 
10 minutes at 10,000 x g. The precipitate was dissolved in 
0.02 m phosphate, pH 7.0, and the precipitation with (NH4)2SO,4 
repeated. The final precipitate, hereafter termed ‘‘(NH4):SO,- 
precipitate,” constituted the basic enzyme preparation in this 
study; further treatment for studies of individual oxidative 
systems is indicated in the text. All enzyme preparations were 
routinely dispersed in 0.02 m phosphate buffer, pH 7.0, and 
stored at 2° until processed further or assayed. 

Dry Weight and Protein Assay—The dry weight content of 
cell suspensions was routinely determined turbidimetrically with 
a Klett photoelectric colorimeter calibrated for each organism; 

* This work was supported by grants from the Milton Fund of 
Harvard University and from the National Institutes of Health, 


United States Public Health Service (E-1052). A preliminary 
report of a portion of this work was presented previously (1). 


gravimetric determination of dry weight (3) was used as the 
basis of the calibrations and for assay of cell-free preparations. 
Protein content of cell-free preparations was assayed by a modi- 
fied biuret reaction (4). 

Manometric Enzyme Assays—Measurements of oxygen con- 
sumption were made at 37° with air as gas phase by conven- 
tional Warburg manometric procedures as described previously 
(2), except as noted below. The pH was adjusted with 0.05 u 
phosphate buffer to pH 6.2 when the substrate was DPNH or 
TPNH, and to pH 6.8 with all other substrates; these values 
approached the optimal pH levels, as determined by preliminary 
studies. Substrates were routinely added after temperature 
equilibration in initial concentrations of 2 x 10-* m for DPNH 
or TPNH and 1 xX 10" n for other substrates; these concen- 
trations produced essentially maximal activities. 

Spectrophotometric Enzyme Assays—Oxidation of DPNH or 
TPNH was also assayed spectrophotometrically by following 
changes of absorbancy at 340 my with a Beckman model DU 
spectrophotometer at 25°. Reaction rates were evaluated from 
an initial period of linear change in absorbancy, usually 3 min- 
utes, and a value for the molar absorbancy index, ay, of 6.22 x 
10° (5) was used to calculate DPNH and TPNH concentrations. 
In the standard procedure, 0.4 umole of DPNH or TPNH and 
other substances as noted were added to a standard Beckman 
corex cell with 1-cm light path containing 0.05 m phosphate 
buffer to give a pH of 6.2 in a final volume of 3.2 ml, and the 
reaction was initiated by addition of enzyme solution. In assays 
of DPNH peroxidase activity and other tests involving prein- 
cubation or anaerobic measurements, the reactions were carried 
out in special Thunberg-type cells (2); the enzyme solution was 
added to other components in the main chamber, equilibration 
with appropriate gases or preincubation was carried out as 
desired, and the reaction was initiated by addition of DPNH 
or TPNH from the hollow stopper. When anaerobic conditions 
were required, the cell containing the final reaction mixture was 
evacuated three times at a water pump and flushed with oxygen- 
free nitrogen and finally re-evacuated. 

Flavin Assays—Flavin components of cells and cell-free prep- 
arations were extracted, assayed spectrophotometrically, and 
identified chromatographically as previously described (2). 

Pyridine Nucleotide Assays—The pyridine nucleotide com- 
ponents of cells disrupted by sonic vibration and of cell-free prep- 
arations were extracted in the cold with 5% trichloroacetic acid. 
The extracts were freed from particulate matter and denatured 
protein by centrifugation and freed from trichloroacetic acid by 
repeated extraction with diethyl ether, and the neutralized ex- 
tracts were assayed spectrophotometrically by the cyanide addi- 
tion reaction (6). 

Chemicals—F AD, riboflavin phosphate, DPN, DPNH, TPN, 
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and TPNH, all 90 to 95% pure, were obtained from Sigma Chem- 
ical Company; methylene blue, thiamine pyrophosphate, ribo- 
flavin, and sodium pyruvate from Nutritional Biochemicals 
Corporation; glucose 6-phosphate and fructose 1 ,6-diphosphate 
from Schwarz Laboratories; and recrystallized catalase from 
Worthington Chemical Corporation. Samples of barium a-p1- 
glycerophosphate were kindly supplied by Dr. M. L. Karnovsky 
and Mr. A. Rosenthal; reagent grade sodium 6-glycerophosphate 
was obtained from Fisher Chemical Company, and sodium a, 6- 
glycerophosphate from California Foundation for Biochemical 
Research. Other chemicals were of analytical reagent grade. 


RESULTS 


Recovery of Oxidative Activities of L. casei 9595 
in Cell-free Preparations 


As the present study sought to identify quantitatively im- 
portant systems of electron transport, a preliminary survey was 
made of procedures for obtaining significant proportions of vari- 
ous oxidative capacities observed with L. casei 9595 cells (2) in 
cell-free form suitable as starting material for characterization of 
the individual enzyme systems. Maximal retention of oxidative 
activities in cell-free and apparently “soluble” form was ob- 
tained reproducibly by the sonic vibration procedure described 
under “Methods.” With exceptions noted below, the major 
portions of various oxidative activities in the broken-cell prep- 
aration were recovered in the cell-free extract, including signifi- 
cant capacities for oxidation of a-glycerophosphate, pyruvate, 
fructose diphosphate, and lactate (with added methylene blue), 
and very high activity with reduced pyridine nucleotide as sub- 
strate. In contrast, no appreciable capacities for oxidation of 
certain other substances readily oxidized by intact cells, such as 
glucose, glycerol, or dihydroxyacetone (2), could be demonstrated 
in “soluble” cell-free preparations. These latter activities de- 
clined rapidly during sonic vibration or other method of cell rup- 
ture, and residual activities were associated almost entirely with 
particulate matter. Such losses of activity may reflect loss of 
essential capacities other than specific oxidative steps, for ex- 
ample, the loss of particulate systems required for obligatory 
initial phosphorylation of these substrates, since the cell-free 
extract retained considerable activity for oxidation of a-glycero- 
phosphate and phosphorylated hexoses. 

Composition of (NH4)2SO.-Precipitate Preparation—The ma- 
jor portion of each of the oxidative capacities observed in the 
cell-free extract was recovered in the (NH,4).SO¢-precipitate, if 
this preparation was suitably supplemented with soluble co- 
factors which may have been depleted by the preparative pro- 
cedures; recoveries of some representative activities are noted in 
Table I. 

The (NH,).SO.-precipitate contained about.37% of the dry 
weight of the original cells from which it was obtained, and pro- 
tein accounted for 80% of this dry weight content. Of the total 
flavin content of 2.75 <X 10-% mole per mg cell dry weight in 
intact L. casei 9595 cells, about 65%, largely extractable as FAD, 
was retained in the (NH,)2SO.-precipitate. The major portion 
of this residual flavin appeared to be firmly bound, as dialysis 
against 0.02 m phosphate buffer, pH 7.0, for 36 hours at 2° re- 
moved only about 10% of the flavin, and prolonged acid (pH 2) 
treatment was required to remove the remainder. Of the total 
pyridine nucleotide content of 9.5 X 10-® mole per mg cell dry 
weight in intact L. casei 9595 cells, approximately 5% was re- 
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TaBLe [ 
Recovery of flavin-linked oxidative activities of L. casei 9595 cells 
in (NH,4)2SO,-precipitate preparation 

Suspensions of cells and (NH,)2SO.-precipitate were prepared 
and assayed by conventional manometric procedures as described 
under ‘“‘Methods.’”’ When added, FAD was supplied in final con- 
centration of 1 X 10-5 m. For assay of pyruvate oxidation, the 
(NH,) SO,4-precipitate was further supplemented with 6 X 10-5 m 
thiamine pyrophosphate and with 3 X 10-?m MgSO,. Each value 
tabulated is the mean of assays in duplicate on each of three 
representative preparations. Values are expressed as ul of O» 
per hour per mg dry weight of original cells. 





(NH,)sS0,-precipitate 


Substrate Cells —————- -- 

| Control | FAD added 
None added. . 1.0 0.01 0.01 
a-Glycerophosphate...... 1.9 0.60 6.48 
DPNH haps 3.2° 114.6* 
TPNH aon 2.0* Bl 
Lactate... — 2.8 | 0.23 0.40 
Lactate + methylene blue 12.5 | 3.73 4.19 
Pyruvate. . ceca niey 13.6 1.10 1.43 


* Values corrected for nonenzymatic rates of oxidation. 


tained in the (NH,).SO,-precipitate and could not be readily 
removed by dialysis. Examination of the (NH,).SO--precipitate 
for heme components by the spectroscopic, spectrophotometric, 
and benzidine tests previously described for examination of L. 
casei 9595 cells (2) gave negative results, in agreement with the 
observations on the original cells. The results confirm that the 
oxidatively active (NH,)2SO,-precipitate lacks heme components 
or that, if present, heme components occur in concentrations of 
less than 1 X 10-" mole per mg dry weight of original cells, the 
limit of sensitivity of the procedures employed. Absorption 
spectra of the (NH,)2SO,.-precipitate, suspended in 0.02 m phos- 
phate buffer, pH 7.0, in the oxidized state and after reduction by 
sodium hydrosulfite or lactate were determined over the range 
300 to 700 mu with a Beckman model DU spectrophotometer. 
These spectra and derived difference spectra (oxidized minus 
reduced) showed the presence of flavin components in the con- 
centrations predicted from flavin assays, but no evidence of heme 
or porphyrin components was discernible. 

The concentrations of the major metal components of L. casei 
9595 cells, cell-free extracts, and (NH,4)2SO,-precipitate are given 
in Table II in terms of the dry weight of each preparation to 
emphasize possible specific concentration within a particular 
preparation.! Aside from an unusually high concentration of 
manganese, which represents a concentration in the whole cell 
volume about 15 times that of the growth medium, the pattern 
of metal content of the cells and fractions was not exceptional 
and in general reflected the concentration of metal ions in the 
growth medium. Of the metals assayed, only zinc appeared to 
be specifically concentrated in the enzymatically active (NH4)- 
SO.-precipitate. Minor metal components assayed, including 
lead, aluminum, chromium, barium and strontium, showed no 
concentration in this fraction. 

Flavin-linked Enzyme Systems of (NH 4)2SO.-Precipitate—The 


1 These metal assays were very kindly performed by Dr. Ralph 
Thiers of the Biophysical Laboratory, Peter Bent Brigham Hos- 
pital, Boston, with the use of spectrographic techniques. 
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TaBe II 
Major metal components of L. casei 9595 preparations 
Cells and cell-free preparations were obtained as described 


under ‘‘Methods.’’ Values are expressed as wmoles of metal per 
g dry weight of preparation.'! 








Preparation Mg Mn Ca Fe Zn 
CO UA DONMION «06.66.0666 eee 23.7 | 22.6 | 3.9 | 1.21 | 0.47 
Cell-free extract............... 29.1 | 27.4 | 4.3 | 0.66 | 1.00 
(NH,)2SO,-precipitate.......... 7.7} 6.8 | 3.8 | 0.80 | 1.08 





flavin-linked nature of some oxidative activities recovered in the 
(NH,).S0.-precipitate from L. casei 9595 is indicated in Table I; 
further characterization of the a-glycerophosphate and DPNH 
oxidation systems is presented in later sections. Each of the 
oxidative activities could be shown to be clearly stimulated by 
FAD; for some activities this stimulation was seen with the 
original (NH,)SO,-precipitate, but for other activities only after 
repeated reprecipitation of this preparation with (NH4).SO, at 
acid pH. Thus, lactate oxidation with added methylene blue 
showed only minor stimulation by FAD in the untreated (NH,)2- 
SO.-precipitate, but after reprecipitation twice at pH 2.0, the 
activity in absence of added FAD was only 30% of the original 
level and was stimulated 2.5-fold by addition of FAD. Pyruvate 
oxidation showed 2.9-fold stimulation by FAD after similar acid 
treatment. The concentration of FAD used for these activa- 
tions, 1 x 10-5 M, is of the order which might be encountered in 
the intact L. casei 9595 cell, assuming the total flavin content of 
the cell to be distributed homogeneously. 

The data of Table I are expressed in terms of the dry weight 
equivalent of the original cells from which a preparation was ob- 
tained in order to emphasize recovery of an activity or component 
in a given preparation. Thus, the rate of a-glycerophosphate 
oxidation (corrected for endogenous activity) recovered in the 
supplemented (NH,)2SO.-precipitate was more than 7 times 
that of the intact cells, presumably reflecting the difficulty of 
entry into the eell by this phosphorylated substrate; the activity 
recovered was equal to 30% of the capacity of L. casei 9595 cells 
to oxidize glycerol (2). The rate of DPNH oxidation by the 
(NH,).S0,.-precipitate was 5 times that observed with the most 
actively oxidized substrate in intact cells (2). Approximately 
35% of the cell capacity for lactate oxidation in the presence of 
methylene blue was recovered in the FAD-supplemented (NH,4)s- 
SO.-precipitate. 

The rather low recovery of pyruvate oxidation capacity in the 
(NH,).S0,-precipitate of L. casei 9595 reflected both the lability 
of this system and the fact that it was only partially solubilized, 
with approximately equal parts of the activity of the broken-cell 
preparation being recovered in the cell-free extract and in the 
particulate residue. Such lability and low recovery of the py- 
ruvate oxidizing capacity in “soluble” form were encountered 
with a variety of lactobacilli examined, but the highly active 
systems of L. delbrueckii 9649 and L. delbrueckii Lafar (2) were 
recovered in 75% yield in stable, ‘‘soluble” form in the (NH4)2- 
SO.-precipitates prepared from these strains. The pyruvate 
oxidation systems of these two strains, in agreement with that 
isolated from L. delbrueckii Lafar (7), (a) required Mg*t, thia- 
mine pyrophosphate, and FAD as cofactors, (b) were not ap- 
preciably stimulated by a combination of DPN, lipoic acid, and 
coenzyme A, (c) were not inhibited by 1 x 10 m sodium arse- 
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nite, which inhibits lipoate-requiring pyruvate oxidation systems 
(8), and (d) produced acyl phosphate, presumably acetyl phos. 
phate, during pyruvate oxidation, as determined by the hydrox. 
amic acid method (9). The L. casei 9595 preparations, in addi- 
tion to the requirements for Mg++, thiamine pyrophosphate, and 
FAD, showed a further stimulation of up to 30% on addition 
of the combination of DPN, lipoic acid, and coenzyme A, each ip 
final concentration of 50 ug per ml, suggesting the participation 
of several types of FAD-linked pyruvate oxidation systems in the 
lactobacilli. 

Soluble Nature of Enzyme Systems—The oxidative enzyme 
systems in the (NH,).SO,-precipitate of L. casei 9595 appeared 
to be in “soluble’’ form since the major portions of these activities 
were recovered in the supernatant fraction obtained by cen- 
trifugation of the (NH,)SO.-precipitate, suspended in 0.02 y 
phosphate buffer, pH 7.0, for 4 hours at 100,000 x g. The yellow 
supernatant phase, which contained 65% of the protein of the 
original (NH,)2SO,-precipitate, also contained 70% of the DPNH 
oxidase activity, 88% of the glycerophosphate oxidizing activity, 
and 92% of the activity with lactate in presence of methylene 
blue; no appreciable activities were recovered in the pale yellow 
precipitate obtained by the centrifugation. 


a-Glycerophosphate Oxidation System of L. casei 9595 


The system for oxidation of a-glycerophosphate recovered in 
the (NH,).S0.-precipitate of L. casei 9595 (Table I) appears to 
be a typical flavoprotein oxidase, utilizing readily dissociated 
FAD as specific cofactor. A marked stimulation by FAD was 
noted in the untreated (NH,4)2SO.-precipitate, and this require- 
ment was only slightly increased by dialysis of the preparation 
against 0.02 m phosphate buffer, pH 7.0, or acid reprecipitation. 
As indicated in Table III, this system was nearly saturated by 
1 X 10-'m FAD. Further, since methylene blue, added either 
alone or in addition to FAD, did not significantly stimulate 
activity, it appears that the flavin acting alone is sufficient as the 
link between dehydrogenase site and oxygen. Further supple- 
mentation with DPN or TPN also failed to stimulate activities 
above the level obtained with FAD alone. The stimulatory 
effect of flavin was specific for FAD; riboflavin or riboflavin 
phosphate was ineffective, both when added alone (Table III) 
or in combination with methylene blue. 

Oxidation of glycerophosphate by this system involves hydro- 
gen peroxide production characteristic of flavoprotein-catalyzed 
transport of hydrogen to oxygen. An accumulation of peroxide 
equivalent to 90% of the oxygen consumed could be demon- 
strated either by iodometric titration (10) of peroxide after 
stopping the reaction with acid or by measuring gas evolution on 
addition of catalase at the end of the reaction. Further, the 
rate of net oxygen consumption in the presence of catalase was 
only 55% of that observed without added catalase. 

This oxidative system appears to be specific for the a form of 
glycerophosphate, since the relative rates of oxidation with a- 
glycerophosphate, with an a@,8 mixture, and with 8-glycero- 
phosphate were, respectively, 1.0, 0.7, and less than 0.1. The 
reaction catalyzed apparently is an oxidation to the triose phos- 
phate stage, since triose phosphate could be trapped for colori- 
metric assay (11) in significant amounts proportional to the 
amount of glycerophosphate oxidized, and since the reaction in 
the presence of catalase involved consumption of 1 atom of oxy- 
gen per molecule of glycerophosphate, with no significant carbon 
dioxide production. However, triose phosphate normally was 
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slowly metabolized further by other enzymes present in the 
(NH,)2SO.-precipitate, and partial conversion of a-glycerophos- 
phate to lactate could be demonstrated, with the use of the 
Barker-Summerson method (12). 


DPNH Oxidation Systems of L. casei 9595 


DPNH Oxidase Activity—aAs indicated in Table III, the DPNH 
oxidizing capacity of the (NH4).SO.-precipitate from L. casei 
9595 showed a marked and specific requirement for FAD, since 
a 50-fold and nearly maximal stimulation in the manometric 
assay was produced by 1 X 10-5 m FAD; with the amounts of 
enzyme employed in these assays, nonenzymatic activity by this 
concentration of FAD was only 1 to 2% of the enzymatic rate. 
In contrast, riboflavin or riboflavin phosphate was only slightly 
effective and methylene blue was ineffective as enzyme cofactor 
even at 1 X 10-4 m concentration, although at this concentration 
each produced considerable nonenzymatic stimulation of DPNH 
oxidation; furthermore, supplementation with these agents in 
addition to FAD failed to increase enzymatic activities appre- 
ciably above the rates obtained with FAD alone. The results 
suggest that readily dissociated FAD is a specific cofactor for a 
DPNH oxidase system, where it might serve as coenzyme for 
dehydrogenation of DPNH, as a link in hydrogen transport be- 
tween the initial dehydrogenation site and oxygen, or in both 
capacities. 

The initial rate of net oxygen consumption during DPNH 
oxidation was decreased 25% by the presence of catalase; how- 
ever, only minor accumulation of peroxide, equivalent to no 
more than 10% of the total oxygen consumed, could be demon- 
strated in the absence of added catalase. If the oxidation of 
DPNH was permitted to go to completion, the net oxygen con- 
sumption per molecule of DPNH added was 0.97 atom in presence 
of catalase and 1.02 atoms without added catalase; similar re- 
sults were obtained with TPNH as substrate. The results sug- 
gest that, with this crude enzyme preparation, hydrogen peroxide 
may be formed by DPNH (or TPNH) oxidase action but is 
subsequently largely decomposed by other reactions. Data to 
be presented later bear on this point. 

Enzymatic oxidation of DPNH could also be assayed spectro- 
photometrically, as indicated in Table IV, and the oxidation 
rate may be calculated to be of the same order of magnitude as 
in the manometric assay. Whereas only minor activation by 
FAD was noted in the standard spectrophotometric assay of 
DPNH oxidation (Table IV, Line 1), a very marked requirement 
for FAD was observed if the enzyme was preincubated at 25° 
for 30 minutes after dilution with other components of the reac- 
tion mixture but before addition of DPNH to initiate the reac- 
tion (Table IV, Line 2). By supplementation with 1 x 10-5 m 
FAD, the activity of the preincubated system could be restored 
to 80% of the activity obtained with an unincubated FAD- 
supplemented system. The requirement for FAD in the mano- 
metric assay presumably reflected the analogous preincubation 
of enzyme in dilute solution during the temperature equilibra- 
tion in that assay. 

The rates of TPNH oxidation in the standard spectrophoto- 
metric assay, with and without added FAD, were about 4% of 
the rates of DPNH oxidation. 

Oxidation of DPNH with Peroxide or Ferricyanide as Electron 
Acceptor—As indicated also in Table IV, the (NH,4).SO,-precipi- 
tate preparation can catalyze the oxidation of DPNH with elec- 
tron acceptors other than oxygen. Under anaerobic conditions, 
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TaB.e III 
Specificity of FAD for stimulation of a-glycerophosphate and DPNH 
oxidation systems in (NH,4)2SO.-precipitate 
preparation of L. casei 9595 
The (NH,)2SO,-precipitate was prepared and assayed at 37° by 
conventional manometric procedures as described under ‘‘Meth- 
ods.” Substrates were 1 X 10~' Mm sodium a-glycerophosphate or 
2X 10-*mDPNH. Activities are expressed in terms of yl of O2 
per hour per mg of protein, and have been corrected for non- 
enzymatic rates of oxidation. 








Rate of enzymatic 
oxidation of 


Cofactor added 





“Gusre.| DPNH 
None added........... bidundise debe ne 2.0 7.4 
FAD, 1 X 10" ........ . reveneeeeh Se) ae 
FAD, 6 XM WFP mw... 06252555. Fbdkisxdigeoce’ .| 25.2 | 508. 
ee ED wears tb ond boa pWaeakaw Oona | §10. 
Riboflavin phosphate, 1 X 10-*M............ | 2.4 | 78.1 
Riboflavin, 1 X 10-*M.................e0000- | 2.2 | 33.5 
Methylene blue, 1 X 1078 M..... «2.2.0 ccccceces 2.1 | 6.7 
FAD, 1 X 10-'m + methylene blue, 1 X 10-*m.| 21.3 | 345. 





TaBie IV 
Oxidation of DPNH by (NH4)2SO,-precipitate preparation from 
L. casei 9595 with Oo, HO>, or ferricyanide 
as electron acceptor 

The (NH,)2SO,-precipitate was prepared as described under 
‘‘Methods”’ and appropriately diluted with 0.1 m phosphate buffer, 
pH 6.0, immediately before assay. Oxidation of 1.2 X 10-* m 
DPNH was measured at 25° by the spectrophotometric procedures 
described under ‘‘Methods,”’ in presence or absence of 1 X 10-5 m 
added FAD. Assays by the standard procedure, with no pre- 
incubation of enzyme, were performed in open vessels and the 
reaction was initiated by addition of enzyme. Assays involving 
preincubation were performed in closed vessels, the enzyme was 
preincubated with other components in the main chamber for 30 
minutes at 25°, and DPNH was then tipped in to initiate the re- 
action. Activities are expressed in terms of moles of DPNH X 
10-7 oxidized per minute per mg of protein, and have been cor- 

rected for nonenzymatic rates of oxidation. 


| Rate of oxidation 


Conditions of assay | ——_—_—— ‘ 
| NoFAD | FAD 


Anaerobic, preincubated with 4 X 104 Mm 
K;Fe(CN)6¢. Tecre Tee ° on eee | 1.49 1.93 
Aerobic, preincubated with 4 X 10-* Mm | 
K;Fe(CN)s........ .| 1.62 | 


added added 
Aerobic, standard procedure... 3.03 | 4.19 
Aerobic, preincubated. . 0.17 3.38 
Anaerobic, preincubated............. Bacar 0.14 0.17 
Anaerobic, preincubated with 6 X 10-*m H2O2 0.58 | 0.64 


4.39 


which reduced DPNH oxidation to a very low level (Line 3), 
either hydrogen peroxide (Line 4) or ferricyanide (Line 5) sup- 
ported oxidation of DPNH at very considerable rates. These 
various activities may represent distinct enzymatic entities for 
oxidation of DPNH. It is suggestive that, both with and with- 
out added FAD, the activity observed aerobically in the presence 
of ferricyanide after preincubation was approximately equal to 
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TABLE V 
DPNH perozidase activity in (NH) 2SO.-precipitate 
preparation from L. casei 9595 

The (NH,)2SO,-precipitate was prepared as described under 
‘“‘Methods,’’ and assays were performed by conventional mano- 
metric procedures at 37°. The main chamber of the vessels con- 
tained 5 X 10-2 m phosphate buffer, pH 6.2, in a final volume of 
3.0 ml, 0.03 umole of FAD, 20 wmoles of H2O2 when desired, and 
3 mg of (NH,)2SO,-precipitate when desired. Separate side arms 
contained 6.7 umoles of DPNH when desired and catalase. 

In Procedure A, DPNH was tipped into the main chamber 
after equilibration under nitrogen, 30 minutes were allowed for 
peroxidation to go to completion, then catalase was tipped in, and 
the reaction followed to completion. 

In Procedure B, DPNH was also tipped after equilibration 
under nitrogen and 30 minutes allowed for peroxidation, but the 
vessels were then equilibrated 15 minutes with air before catalase 
was tipped and the reaction followed to completion. In a con- 
trol for Procedure B, with (NH,)2SO,-precipitate present, the 
DPNH was not tipped initially; the tipping of catalase at the 
usual point resulted in evolution of 220 ul of Os, and subse- 
quent tipping of DPNH after completion of catalase action re- 
sulted in consumption of 72 wl of O». Values are expressed as 
ul of O2 released by catalase. 











| 
| (NHdS0- | anc 
Procedure | Additions before catalase | precipitate fam pe 
| 
A | H.0; | 222 | 215 
H.02, DPNH 146 215 
B HO; | mo | 212 
H.0., DPNH nt om 212 


DPNH | 3 0 





the sum of the anaerobic activity with ferricyanide and the 
DPNH oxidase activity after preincubation. Furthermore, the 
anaerobic activities evoked by peroxide or by ferricyanide differed 
from the DPNH oxidase in that after preincubation they showed 
nearly maximal activity without added FAD. 

Several lines of evidence indicate that the activity evoked by 
hydrogen peroxide represents the operation of a DPNH peroxi- 
dase, rather than DPNH oxidase activity utilizing oxygen formed 
by decomposition of the added peroxide. Firstly, as shown in 
Table IV, the activity of preincubated preparations without 
added FAD was 3.5 times greater anaerobically with peroxide as 
acceptor than aerobically with oxygen as acceptor. Secondly, 
anaerobic peroxidase action could also be demonstrated in mano- 
metric assays, as indicated in Table V. In both Procedures A 
and B, hydrogen peroxide was consumed anaerobically only when 
both DPNH and (NH,).SO,.-precipitate were present, and this 
enzymatic utilization of peroxide was quantitatively equivalent 
to the DPNH added, assuming 1 atom of oxygen required to 
oxidize 1 molecule of DPNH. This observed DPNH peroxidase 
activity could not have resulted from DPNH oxidase activity 
utilizing oxygen formed by peroxide decomposition before cata- 
lase addition, since (a) no gas evolution occurred before catalase 
addition and (6) when no DPNH was added, the total oxygen 
produced from the peroxide by catalase action was quantitatively 
equivalent to the amount of peroxide added. Procedure B fur- 
ther showed that the observed activity did not result from DPNH 
oxidase action utilizing oxygen produced from peroxide when 
catalase was added, since the amount of peroxide theoretically 
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required for DPNH oxidation was consumed even if air was 
admitted after the anaerobic peroxidation period to permit oxi- 
dation of any residual DPNH by DPNH oxidase before the 
residual peroxide was decomposed by catalase. 

The presence of a presumably nonhemin, flavin-linked DPNH 
peroxidase system in the (NH4).SO.-precipitate can account for 
the earlier observations that only minor quantities of peroxide 
accumulated during DPNH oxidation and that the net oxygen 
consumption approached 1 rather than 2 atoms of oxygen per 
molecule DPNH. Hydrogen peroxide produced by the flavin- 
linked DPNH oxidase was largely consumed by DPNH peroxi- 
dase action, and the observed over-all ‘““DPNH oxidase’ activity 
represented the combined action of the two enzymes. 

Kinetic Studies—The effects of varying the concentration of 
DPNH, FAD, or oxygen were studied with the DPNH oxidase 
system of the (NH,).SO.-precipitate, with the use of the mano- 
metric and spectrophotometric assays described under ‘‘Meth- 
ods.”’ The initial DPNH concentration in theassays was 2 x 10-3 
M, except when DPNH was the component varied; the FAD 
concentration was 1 X 10-5 Mm, except when FAD was the com- 
ponent varied; and the gas phase was air, except when oxygen 
tension was the component varied. Values for the apparent 
Michaelis constants, K,,, were calculated from linear reciprocal 
Lineweaver-Burk plots (13). The K,, calculated for DPNH was 
1.5 X 10-5 m in the manometric assay and 1.1 X 10-5 m in the 
spectrophotometric assay. For FAD, the K,, in the manometric 
assay was 1.0 X 10-*m. Variation of oxygen tension in the gas 
phase for the manometric assay over the range 4 to 720 mm Hg 
with oxygen-nitrogen mixtures indicated that 50% of maximal 
activity is attained with an oxygen tension of 25 mm Hg and 
about 88% of maximal activity with the oxygen tension of room 
air. 

Inhibitor Studies—The responses of the DPNH and glycero- 
phosphate oxidation systems to various inhibitors are compared 
in Table VI. DPNH oxidation is markedly sensitive to p-chloro- 
mercuribenzoate and other potential sulfhydryl inhibitors, sug- 
gestive of essential sulfhydryl groupings, whereas the glycero- 
phosphate system is relatively insensitive to these inhibitors. 
In other studies, lactate oxidation with methylene blue added 
showed sensitivities similar to DPNH oxidation, while TPNH 
oxidation was only 20% inhibited by 5 x 10-4 m p-chloromer- 
curibenzoate. 

The partial inhibitions by the flavin analogue Atabrine could 
be depressed by increasing the FAD: Atabrine ratio, suggesting 
competitive inhibition involving an essential flavin cofactor. 

Although 1 x 10-4 mM cyanide and azide cause essentially com- 
plete inhibition of typical cytochrome oxidase, catalase, and 
other sensitive heme-linked or copper-linked terminal oxidases 
in cell-free preparations (15-18), these agents when added to the 
(NH,)2SO,-precipitate in 1 X 10-* m concentration produced no 
significant inhibition of glycerophosphate oxidation and only 
partial inhibition of DPNH oxidation in either manometric or 
spectrophotometric assay. Further, DPNH oxidation did not 
show the inhibition by carbon monoxide in the dark which is 
characteristic of typical cytochrome oxidase systems (18-20). 
The pyruvate and lactate oxidation systems also were insensi- 
tive to 1 X 10-* m cyanide or azide. 

As inhibition by cyanide or azide may reflect a sensitive metal 
component, the effects of other metal-binding agents on the 
DPNH oxidation system were examined. When assayed by the 


manometric assay in presence of 1 X 10-5 m FAD after 15 min- 
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utes of preincubation of enzyme with agent at 37°, DPNH 
oxidation showed no inhibition by 5 X 10-* m ethylenediamine- 
tetraacetate, 1 <X 10-3 m a,a’-dipyridyl, 2 xX 10-* m o-phenan- 
throline, or 1 X 10-° m 8-hydroxyquinoline, but rather a stim- 
ulation of 10 to 20% with the various agents. 

Metal Activation—The effects of added metal ions were tested 
with the standard (NH,).SO.-precipitate and with (NH,)S0O.- 
precipitate preparations dialyzed at 2° against. 0.02 m ethylene- 
diaminetetraacetate, pH 6.5, for 36 hours, then against either 
0.02 m phosphate buffer, pH 6.5, or water for 6 hours. Such 
dialyzed preparations showed only one-third of the DPNH oxi- 
dation rate of the original (NH,).SO.-precipitate in the mano- 
metric assay with 1 X 10-5 m added FAD, but the original and 
dialyzed preparations gave similar responses to metal ions added 
in 5 X 10 Mm concentration. With both types of preparation, 
Mn++ produced 30 to 35% stimulation of DPNH oxidation, 
Mg++, Mo**+, Cot+, Zn*++, and Fe+++ caused no significant 
changes, and Fet++ and Cu*+ produced about 50 and 85% in- 
hibition, respectively. The metals were added as sulfates, ex- 
cept for molybdenum, which was supplied as MoO. 

DISCUSSION 

The studies reported here suggest that electron transport to 
oxygen in L. casei 9595 is largely, if not exclusively, mediated by 
a series of substrate-specific, FAD-requiring oxidase systems. 
Recovery of large proportions of various oxidative capacities of 
whole cells in cell-free, flavin-linked enzyme systems suggests 
that these systems represent the quantitatively significant sys- 
tems operative in vivo. Compatible results obtained with other 
strains? indicate that similar patterns of flavin-linked electron 
transport occur commonly among microaerophilic lactobacilli. 

As was found for oxidative capacities of the intact L. casei 9595 
cell (2), the cell-free oxidative systems did not appear to involve 
heme components. No heme components could be detected in 
either cells or cell-free preparations by procedures which could 
detect as little as 1 X 10-“ mole of hemin per mg dry weight of 
original cells. On the basis of estimated turnover numbers for 
hemoprotein oxidase systems (19, 21), heme concentrations of a 
clearly higher order of magnitude would be required to account 
for the high oxidative activities observed in the (NH4,).SO.- 
precipitate with DPNH as substrate. Further, the oxidative 
activities of cell-free preparations, like those of the whole cells, 
failed to show the very marked inhibition by metal-binding 
agents characteristic of sensitive hemoprotein or copper-linked 
terminal oxidases, and DPNH oxidation was not inhibited by 
carbon monoxide. 

The possibility remains, however, that the DPNH oxidase 
system may involve a metal component. The partial inhibition 
by cyanide and azide may reflect such a metal requirement. 
One or both of these agents can inhibit a number of other non- 
hemin oxidative enzymes, including several flavin oxidase sys- 
tems (22-27), as well as nonoxidative metal-activated enzymes 
(28, 29), and in many cases these inhibitions are attributed to 
binding of an essential metal component. The stimulation of 
DPNH oxidase by manganese is suggestive, particularly in view 
of the unusually high concentration of this metal in L. casei 9595 
cells, and manganese participation has been implicated in several 
other flavin-linked systems (30, 31). 

Consideration of many differences in properties noted among 
the various flavin-dependent oxidative activities of L. casei 9595 


?C. F. Strittmatter, unpublished experiments. 
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TaBie VI 
Effects of inhibitors on oxidation of a-glycerophosphate and DPNH 
by (NH,).SO,-precipitate preparation of L. casei 9595 

The (NH,).SO,-precipitate was prepared and assayed by the 
standard procedures described under ‘“‘Methods,”’ with 1 X 10-5 
M FAD added in all assays. In the manometric assays, the en- 
zyme was exposed to the inhibitor for 15 minutes at 37° before 
addition of substrate; in the spectrophotometric assays, the re- 
action was initiated by addition of enzyme, with no preincubation 
in presence of inhibitor. Each value tabulated is the mean of 4 
or more determinations utilizing at least 2 different enzyme 
preparations. 





Inhibition of oxidation of 








Inhibitor P DPNH | DPNH 
| Phosphate. | (manometric | orn tric 
assay) 
% % % 
p-Chloromercuribenzoate, 5 X | 
gg ORE red See 1 95 83 
Iodosobenzoate, 1 X 10-* M.... | 27 | 73 70 
Iodoacetate, 1 K 10°? m...... | 8 | 15 
CuSO. 1X 10°? m.............] 44 94 90 
Atabrine, 1 X 10-?m......... 29 44 
KCN,* 1 X 10-*m.............] | 15 15 
BON ,* i X10 @. ..... 0 27 29 
NaNs, 1 X 10°? w..............| ‘Tr ae 22 
NaN;, 1 X 10°? M.... | 55 | 82 
95% CO-5% Ont... .. 0 0 





* The desired inhibitor concentration was added to the re- 
action mixture as KCN. This concentration was maintained in 
the manometric assay by use of appropriate KCN-KOH mixtures 
in the center well (14); in the spectrophotometric assay the reac- 
tion vessels were closed. 

+ Reaction vessels were shielded from light; control vessels 
contained 5% O2-95% Ne as gas phase. 


and of the summation of activities with combinations of sub- 
strates suggests that the organism contains a series of separate 
substrate-specific flavin-linked systems.2 These suggestive dif- 
ferences, some of which are touched upon in this paper, include 
the marked differences in ease of resolution of apoenzyme and 
flavin cofactor, in response to inhibitors, in ease of solubilization, 
in net accumulation of peroxide, and in possible requirements for 
cofactors other than flavin. However, some oxidative activities 
may represent multicomponent systems with substrate-specific 
dehydrogenases that funnel hydrogen to one or more common 
flavoprotein mediators for terminal transport to oxygen. Fur- 
ther characterization of the various oxidative systems must await 
separation and purification of the individual systems, which is 
now in progress. 

The enzymatic activities involved in oxidation of DPNH in 
L. caset 9595 are of particular interest for further study. Firstly, 
the number of different systems present is uncertain; the DPNH 
oxidase, the DPNH peroxidase, and the activity for electron 
transport to ferricyanide reported here are apparently distinct 
entities, and enzymatic electron transport to several other ac- 
ceptors has also been noted.? Secondly, the DPNH oxidase 
apparently represents a highly active flavoprotein or metallo- 
flavoprotein specialized for hydrogen transport from reduced 
pyridine nucleotide to oxygen. A turnover number of 820 moles 
of DPNH oxidized per minute per mole of enzyme flavin at 37° 
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may be calculated for the DPNH oxidase system of the (NH,)s- 
SO.-precipitate on the basis of the maximal activities in mano- 
metric assays and the assumption that the total flavin comple- 
ment of the original cell is catalytically active in this system. 
A similar value may be estimated from the data on spectrophoto- 
metric assays of the (NH4).SO.-precipitate without added FAD. 
As it is improbable that all of the flavin in the cell or (NH4)2SO4- 
precipitate is specifically associated with DPNH oxidation, the 
true turnover number may be much greater. Only a few purified 
flavoprotein oxidases for other substrates possess similarly high 
turnover numbers with oxygen as electron (hydrogen) acceptor 
(32-34). In contrast, most flavoprotein systems, in particular 
those which rapidly oxidize DPNH, either cannot transport 
electrons directly to oxygen or do so only very slowly, with 
turnover numbers on the order of 1 to 10, although they may 
transport electrons rapidly to certain other acceptors in vivo 
and to various artificial acceptors or autoxidizable mediators 
(35, 36). Thirdly, the DPNH peroxidase system may represent 
another example of a nonhemin, flavoprotein peroxidase similar 
to that isolated from Streptococcus faecalis (37). 

Flavoprotein oxidative systems may play significant and per- 
haps quantitatively important metabolic roles in many organ- 
isms. The operation of nonhemin peroxidases and various non- 
enzymatic peroxidative reactions would permit considerable 
flavoprotein oxidase activity without accumulation of toxic con- 
centrations of hydrogen peroxide even in organisms lacking 
heme-linked peroxidases or catalase. Although the flavoprotein 
oxidases may be involved in the routes of substrate degradation 
for energy production, their known role in the specific reactions 
yielding biologically useful energy is to date limited to phos- 
phorylation at substrate level, such as acetyl phosphate forma- 
tion during pyruvate oxidation (7). Preliminary attempts to 
demonstrate phosphorylation coupled with electron transport to 
oxygen from DPNH with cell-free preparations of L. casei 9595 
have been unsuccessful.2?. Further examination of the roles of 
flavoprotein respiration from heme-free cells may aid in clarify- 
ing the significance of flavin-linked oxidation in cells utilizing 
hemoprotein terminal oxidation, including such questions as the 
significance in vivo of cyanide-sensitive respiration and of di- 
aphorase activity (38). 


SUMMARY 


Large proportions of the capacities of intact cells of Lactobacil- 
lus casei 9595 to oxidize various substrates, including reduced 
diphosphopyridine nucleotide (DPNH), reduced triphospho- 
pyridine nucleotide, a-glycerophosphate, lactate, and pyruvate, 
could be recovered from disrupted cells in the form of soluble, 
flavin adenine dinucleotide-requiring oxidase systems. Studies 
with these systems, including establishment of cofactor require- 
ments, effects of inhibitors, hydrogen peroxide accumulation and 
summation of activities indicate that electron transport to oxygen 
in the course of these oxidations is largely, if not exclusively, 
mediated by a series of substrate-specific, flavoprotein enzyme 
systems which do not involve heme components. Oxidation of 
DPNH in this organism appears to be catalyzed by several non- 
heme enzymic entities, including a highly active flavoprotein 
DPNH oxidase which specifically requires flavin adenine dinu- 
cleotide and possibly a metal component and produces hydrogen 
peroxide, a DPNH peroxidase, and possibly distinct systems for 
electron transport from DPNH to such acceptors as ferricyanide. 
The interrelations and biological significance of such flavin- 
linked oxidation systems are discussed. 
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system 
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The model LRA is the first automatic refrigerated centrifuge of — *Pat. App'd. for 
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Here is a rapid method in preparing Hayem's Diluting Fluid for count- 
ing erythrocytes. 
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monly used laboratory solution! 
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For use in Hematology work. You simply place one tablet into blood 
collection tube. Add one drop of distilled water to disperse tablet and 
invert tube four to five times with 5 ML of venous blood. Recommend 
use within twelve hours. 
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Te ee so 2... ie 25.00 


BLOOD ANTI-COAGULANT TABLETS 


For Use In Blood Chemistry Determinations 
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GUAIAC-TABS {NEW | 


For the detection of occult blood in sputum, feces and urine. Place 
sample of specimen (feces, urine or sputum) on tablet and add 2 drops 
of glacial acetic acid, 2 drops of hydrogen peroxide 3% and read 
blue color on filter paper as occult blood. Trace, plus 1, 2, 3, 4. 


Camco No. 1003 1 Bottle of 50 Tablets.... 2.50 
12 Bottles....... ' ... 25.00 


For use as preservatives as well as anti-coagulants. 
Place one tablet into blood collection tube. Add one drop of distilled 
water to disperse tablet. Invert tube four to five times with 5 ML of 
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12 Bott 
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Diazo Reagent. Use within six hours. 
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A Test For Bilirubin In Fecal Ma- 
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10.00 per year, university and non-profit libraries 
3.00 additional to each price, foreign 
4.50 each, single copies 


PLANT PHYSIOLOGY: FIZIOLOGIYA RASTENY 


6 issues per year. 
First issues published 1957 (Vol. 4, Nos. 1-6). 
Current issues published Vol. 5, Nos. 1-6. 


Other translations..... 


Subscriptions: $15.00 per year, U.S.A. & Canada 


11.00 per year, university and non-profit libraries 
2.00 additional to each price, foreign 
3.00 each, single copies 


DOKLADY: BIOLOGICAL SCIENCES SECTION 


6 issues per year. 
Present issues 118-123, 1958. 


Subscriptions: $20.00 per year, U.S.A. & Canada 


15.00 per year, university and non-profit libraries 
2.50 additional to each price, foreign 
4.00 each, single copies 


DOKLADY: BOTANICAL SCIENCES SECTION 


6 issues per year. 
First issues published 1957 (Vol. 26, Nos. 1-6). 
Current issues published Vol. 27, Nos. 1-6, 1958. 


MICROBIOLOGY 


6 issues per year. 
First issues published 1957 (Vols. 112-117). 
Current issues published Vols. 118-123, 1958. 


Subscriptions: $ 7.50 per year, U.S.A. & Canada 


5.75 per year, university and non-profit libraries 
1.50 additional to each price, foreign 
1.50 each, single copies 


MICROBIOLOGIYA 
Subscriptions: $20.00 per year, U.S.A. & Canada 


15.00 per year, university and non-profit libraries 
2.50 additional to each price, foreign 
4.00 each, single copies 


ENTOMOLOGICAL REVIEW: ENTOMOLOGICHESKOE OBOZRENIE 


4 issues per year. 
Current issues published 1958. 


SOVIET SOIL SCIENCE 


Subscriptions: $40.00 per year, individuals and industrial libraries 


12 issues per year. 


I wish to subscribe to: 


|] SOVIET SOIL SCIENCE 

~} DOKLADY: BOTANICAL SCIENCE SECTION 
|] DOKLADY: BIOCHEMISTRY SECTION 

|] PLANT PHYSIOLOGY SECTION 


Enclosed: (Check, Money Order or Purchase Order) _ 
NAME: — 3 
ADDRESS: = 


Subscriptions: $25.00 per year, individuals and industrial libraries 


12.00 per year, university and non-profit libraries 
3.00 additional to each price, foreign 
7.50 each, single copies 


POCHVOVEDENIYE 


20.00 per year, university and non-profit libraries 
3.00 additional to each price, foreign 
4.50 each, single copies 


MICROBIOLOGY SCIENCE SECTION 
| ENTOMOLOGICAL REVIEW 
DOKLADY: BIOLOGICAL SCIENCE SECTION 
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IABLE-RESPONSE RECORDER 
for densitometry in paper electrophoresis 





































































































Recording function electrically 
adjustable from linear to 
logarithmic and trans - 
logarithmic 


Sensitivity 
adjestable from 
10 to 200 millivolts 


Designed specifically te be wsed with scanning densitometers for correctly- 
compensated quantitative evaluation of electrophoretic patterns on filter paper 


Ch, 
Write for Bulletin #1100 Fit 


Also: Densitometers pH Meters Colorimeters Fivorescence 
Meters _ Electronic Photometers Photometers 
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Crystals are not just a sideline at Isomer. 
Years of research and development have en- 
abled us to produce consistently the highest 
quality crystals obtainable and at attractive 
prices. We go all out to serve you with 
HIGHEST QUALITY 

ATTRACTIVE PRICES + PROMPT DELIVERY 
—three good reasons why leading spectro- 
scopists everywhere are turning to Isomet for 
their crystal needs. Why don’t you try us on 
your next order. 


NaCl, KBr, KCI, KI, CsBr, Csl, BaF., MgO 
Rough blanks, polished windows, prisms, special shapes. 
Standard liquid and gas cells; special cells. 
Repair and polishing service for cells and windows. 

KBr Pellet Powder. 
WRITE TODAY for price list and 
free Technical Bulletin No. 1578 


_—— 


_ Tsomet 


CORPORATION 


P.O. Box 34—Palisades Park, N. J. 
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D-penicillamine 
L-penicillamine 
DL-«-methyl serine 


CP grade purity 


Certificate of assay accompanies each order 


Price list and literature upon request 


CONSOLIDATED LABORATORIES, INC. 
P. O. Box 234 
Chicago Heights, Illinois 














PHOTOVOLT Densitometer 


for Partition Chromatography 
and Paper Electrophoresis 














A photoelectric precision instrument for the rapid 
and convenient evaluation of strips and sheets 
of filter paper in partition chromatography and 
paper electrophoresis. 









Write for Bulletin #800 to 


PHOTOVOLT CORP. 


95 Madison Avenue New York 16, N. Y. 


Colorimeters meters Electronic Photometers 
Fluorimeters Reflection Meters | Multiplier Photometers 
Nephelometers Interference Filters 














Now... Moderately priced glove boxes with positive gas-tight seals! 














Manostat introduces Plastic Glove Boxes with true one-piece construction, achieved with a chemical weld 
Despite their modern price, these boxes are designed and constructed with such de-luxe features as positive O”’ 
) ring seals throughout, for leak-proof performance . . . and a full 18” diameter side entry, for maximum convenience. 
The }4-inch thick Rohm & Haas Plexiglas 1-A is unaffected by most inorganic solutions, mineral and animal 
oils, low concentrations of alcohol, paraffinic and olefinic hydrocarbons, amines, alkyl monohalides, and esters 
containing more than ten carbon atoms. 


FEATURES: 


1. Positive “O” ring seals throughout. 

2. Opaque white background for greater 
visibility. 

3. Sealed interchangeable circulating and 
filter system. 


4. Filter that may be removed and in- 
stalled without disturbing system. 

5. Interchangeable 12” diameter, 12” long 
air lock with covers. 

6. Covers for gloves so that they may be 
changed without disturbing system. 


7. Uniform distribution of flow from cir- 
culating system by means of graded 
manifold. 


8. Internal removable shelf for storage. 
9. Plastic diffuser on fluorescent light. 
10. External switches for all controls. 


11. S.S. toggle valves for quick adjustment 
and preconditioning of system, air lock 
and filter. 


PRICE LIST: 


T952 -- SIMPLE GLOVE BOX, ready 

use, with side cover plates and all 
other accessories, as shown. (Does not 
include air lock or circulating system.) 


950.00 


T952D .. AIR LOCK GLOVE BOX, 
ready for use, with air lock and all ac- 
cessories, as shown. (Does not include 
circulating system.) 1,150.00 


T952D10 --CIRCULATING GLOVE 
BOX, ready for use, with circulating 
system and all accessories, as shown. 
(Does not include air lock.) 1,250.00 


7T952D20 --. COMPLETE GLOVE BOX, 
ready for use, with air lock, circulating 
system, and all accessories, as shown. 


1,495.00 


Write for Bulletin GB 


Other Formulae Made to Order, As You Specify 


The EMIL GREIVER CG. @, 


20-26 N. MOORE STREET * DEPT. 236, N. Y. 13, N. Y. 
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NEW IMPORTANT ACADEMIC PRESS 
Treatises and Reference Works 


In 5 Volumes 
THE BACTERIA 


A Treatise on Structure 
and Function 
Edited by I. C. Gunsatus and R. Y. STANIER 
Volume 1. STRUCTURE 
December 1959, in preparation 
Volumes 2-5, in preparation 


In 6 Volumes 
PLANT PHYSIOLOGY 
Edited by F. C. Stewarp 
Special discount of 10% on orders for complete set 
Volume 1A. CELLULAR ORGANIZATION 
AND RESPIRATION 
December 1959, in preparation 
Volume 1B. PHOTOSYNTHESIS AND 
CHEMOSYNTHESIS 
December 1959, in preparation 
Volume 2. PLANTS IN RELATION TO 
WATER AND SOLUTES 
October 1959, 758 pp., illus. 


Volumes 3-6, in preparation 


In 3 Volumes 


PLANT PATHOLOGY 


A Treatise on Basic Principles 
Edited by James G. HorSFALL 
Associate Editor: A. EK. Dimonp 
Special discount of 10 % on orders for complete set 
Volume 1. THE DISEASED PLANT 
September 1959, 674 pp., illus., $22.00 
Volume 2. THE PATHOGEN 
November 1959, in preparation 
Volume 3. THE DISEASED POPULATION— 
EPIDEMICS AND CONTROL 
In preparation 


In 4 Volumes 


THE ENZYMES 


SECOND EDITION. Completely revised 
Edited by Paut D. Boyer, HeNry Larpy, and 
Kart MyrBAck 
The price for the complete set will be reduced by 
15% for orders received before publication of the 
final volume 
Volume 1. KINETICS, THERMODYNAM- 
ICS, MECHANISM, BASIC PROPERTIES 
1959, 785 pp., illus., $24.00 
Volume 2. COFACTORS 
Early 1960, in preparation 
Volumes 3-4, in preparation 


In 8 Volumes 


THE CELL 


Biochemistry, Physiology, 
Morphology 


Edited by JEAN Bracuett and A. E. Mirsky 
Special discount of 10% on orders for complete set 
Volume 1. METHODS AND PROBLEMS OF 
CELL BIOLOGY 
1959, 816 pp., illus., $22.00 
Volume 2. CELL CONSTITUENTS 
Fall 1959, in preparation 
Volume 3. SPECIALIZED CELLS 
In preparation 


In 3 Volumes 


THE VIRUSES 


Biochemical, Biological, and 
Biophysical Properties 
Edited by F. M. Burnet and W. M. STANLey 
Special discount of 10% on orders for complete set 
Volume 3. ANIMAL VIRUSES 
1959, 428 pp., illus., $12.00 
Volume 1. GENERAL VIROLOGY 
Fall 1959, about 670 pp., illus., $16.50 
Volume 2. PLANT AND BACTERIAL VI- 
RUSES 
August 1959, 408 pp., illus., $13.00 


Detailed literature available upon request 


ACADEMIC PRESS, New York and London 
111 FIFTH AVENUE, NEW YORK 3, NEW YORK 
40 PALL MALL, LONDON, S.W. 1 


British Sales Office: Academic Books Ltd., 129 Queensway, London W. 2 
German Agency: Minerva, G.m.b.H., Holbeinstr. 25-27, Frankfurt am Main 
Indian Agency: Asia Publishing House, Nicol Road, Ballard Estate, Bombay 1 
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DIFCO taBoratory PRODUCTS 
BIOLOGICS CULTURE MEDIA REAGENTS 


Media for Standard Methods 
Culture Media Dehydrated and Prepared 
Microbiological Assay Media 
Tissue Culture and Virus Media 
Bacterial Antisera and Antigens 
Diagnostic and Serological Reagents 
Sensitivity Disks Unidisks 
Peptones Amino Acids 
Dyes 


Biochemicals 


over GO years’ experience 
in the preparation of Difco products assures 


UNIFORMITY STABILITY ECONOMY 


Complete Stocks Fast Service 
Descriptive literature available on request 


DIFCO LABORATORIES 


Hydrolysates 


Enzymes Enrichments Indicators 


Carbohydrates 


DETROIT 1 
MICHIGAN USA 











bio= 
chemical 
: tracers! 
; FATTY ACIDS 
INCLUDING 
PALMITIC ACID 6-C'4 
PALMITIC ACID 11-C*# 


PALMITIC ACID 1-C™ 
OLEIC ACID 1-C* 
@ AMINO ACIDS 
@ PURINES 
@ INTERMEDIATES 
@ KREBS CYCLE COMPOUNDS 
@ STEROIDS 
Labeled with H?, H®, C, P®?, 1!, Etc. 
IMMEDIATE DELIVERY 
For or Information de Tracers, and/or 
i t Write—Dept. 1 


ce ISOTOPES Specialties (0. 


DIVISION OF NUCLEAR CORPORA 
BOX 688 OURBANK. CALIFORNIA 


























Latest developments in 
cellular research... 


Developmental 


Cytology 


Edited by DOROTHEA RUDNICK 


The 16th Symposium of the Society for the Study of Devel- 
opment and Growth. This volume surveys advances in 
the understanding of cellular structure and function, 
especially as pertaining to differentiation processes and 
their genetic control. The cells discussed range from 
protozoa, fern prothallia, seed plants, and insects to 
vertebrates. Each topic is a report of original research 
by an outstanding authority. Included are important 
recent advances in cell biochemistry, immunochemistry, 
electron microscopy, cytochemistry, and cytogenetics. 
10 Contributors. 118 ils., tables; 215 pp. $7 


Cell, Organism, 
and Milieu 


Also edited by DOROTHEA RUDNICK 


The 17th Symposium of the Society for the Study of Devel 
opment and Growth focuses on the study of cell and tissue 
differentiation and growth in response to a changing 
chemical environment. This theme is broad enough to 
encompass a series of papers covering widely differing 
objects of research, approaches, and techniques. The 
book includes reviews and studies of tissue differentia- 
tion as affected by the biochemical environment, muscle 
cell models, tissue response to hormonal milieu, growth 
factors operating on plant tissues, and growth and dif- 
ferentiation in whole organisms in relation to chemical 
alterations in their environment. 12 Contributors. 136 
ills., tables; 326 pp. $8 


Subcellular Particles 


The fifth annual symposium publication 
of the Society of General Physiologists 





Edited by TERU HAYASHI 


A comprehensive review of the most recent research on 
cell inclusions. Emphasis is on the structural aspects of 
subcellular particles as related to their function, espe- 

cially with regard to the properties of the heterogeneous 
system created by particulate material in the cell. Im- 

proved, coordinated techniques in ultracentrifugation, 
electron microscopy, and microchemical analysis have 
been used to establish a more definitive correlation be- 

tween particles and their activities within the cell. 
20 Contributors. 122 ills., tables; 213 pp. $6 


OTHER S. G. P. SYMPOSIA— 


PHYSIOLOGICAL ADAPTATION. C. Ladd Prosser, Editor, with 14 Contrib- 
utors. 90 ills, tables; 185 pp. $4 


INFLUENCE OF TEMPERATURE ON BIOLOGICAL SYSTEMS. Frank H. John- 
son, Editor, with 24 Contributors. 133 ills., tables; 275 pp. $4.50 


PHYSIOLOGICAL TRIGGERS AND DISCONTINUOUS RATE PROCESSES. 
Theodore H. Bullock, Editor, with 16 Contributors. 55 ills, tables; 179 pp. $4 


ELECTROLYTES IN BIOLOGICAL SYSTEMS, Abraham M. Shanes, Editor, with 
11 Contributors. 123 ills, tables; 243 pp. $4 


Order your books from: 


THE RONALD PRESS COMPANY 
15 East 26th Street, New York 10 
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Announcing a new book by a 
renowned investigator... 


Clark’s OXIDATION- 
REDUCTION POTEN- 
TIALS OF ORGANIC 
SYSTEMS 


“Although more than 100 tables are required to summarize 
existing data on groups of organic oxidation-reduction systems, the 
number of systems so far studied successfully by the methods here 
outlined is very small relative to the number in the whole field of 
organic chemistry. On the other hand are two exciting facts. With 
the increasing number of enzymes being isolated in nearly 
homogeneous states, biochemists have at hand enlarging means of 
bringing about equilibrium between two oxidation-reduction 
systems. If the standard potential of one of these systems is known, 
it and the constant for the equilibrium may be used to calculate 
the standard free energy change for the other. Also it may happen 
that an enzyme will accelerate to a state of equilibrium a reaction 
between an electromotively inactive system and a ‘mediator’ that 
is electromotively active. In such a case potentiometric 
measurements can, under proper conditions, be interpreted as 
applying to the inactive system.”’—Preface 


ConTENTS: The more important part of the book is an extensive 
compilation of data with critical notes thereon. There are chapters 
on the historical background; pertinent parts of thermodynamics; 
conventions; formulations of the relation between the electromotive 
forces of electric cells and the chemistry of the cells for the simpler 
cases and cases involving dimers of various sorts, “semiquinones,”’ 
and coordination compounds; liquid junction effects; standardization 
of pH numbers and oxidation-reduction potentials; the use of ther- 
mal data; criteria of the reliability of potentiometric data; techniques; 
and miscellaneous topics. 


By W. MansrFietp Criark, Pii.D., Sc.D., DeLamar Professor Emeritus 
of Physiological Chemistry and Research Professor of 
Chemistry, The Johns Hopkins University 

Ready early 1960 + Approx. 600 pp., 83 figs., 100 tables 
Probable price: $10.00 





Please send the following on approval: 





THE WILLIAMS AND WILKINS COMPANY 
Baltimore 2, Md. 




















Shopping by mail is an easy, time-saving way to 
select books for your personal library. 


Name 
Please print) 
Address 
City. Zone. State. 
© Payment enclosed. D Bill me. 
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Webster Says... 
i QUALITY means 


“The degree of 
excellence and_~ - 
superiority” 





... at Nutritional Biochemicals Corporation 
QUALITY is one of our proudest assets. 





A COMPLETE SELECTION OF MORE THAN 
200 NUCLEOPROTEINS and DERIVATIVES 


Typical Derivatives 


Adenosine Triphosphate Uridylic Acid 


Cytidine Uridine 
Cozymase 2, 6 Diamino Purine Sulfate 
Coenzyme I, II, A 8 Aza Guanine 
Cytosine 8 Aza Thymine 
‘<a x Mercaptopurine Glucose-6-Phosphate 
yy 


NUTRITIONAL 
BIOCHEMICALS 
CORPORATION 


Write for New Catalog 
21010 MILES AVE. © CLEVELAND 28, OHIO July, 1959 


More Than 2500 Items 
Write Dept. 105 























WHAT DO YOU WANT IN A 
LABORATORY CENTRIFUGE? 


Automatic Controls? Continuous Flow operation 
with separation directly in tubes? A rotor for 
nearly every laboratory task (angle, horizontal, 
virus, particle-counting, large capacity, etc.)? 
Temperatures to 0°C and below? The latest, most 
advanced Self-Centering Drive offered in the 
Superspeed range? RCF up to and beyond 35,000 
x G? Remote control? Table-top convenience or 
cabinet size? Safety in operation? Whatever your 
requirements in the low/Superspeed range (0 to 
20,000+ rpm), it is almost certain there is a 
ServALL Laboratory Centrifuge available to 
meet them. 

In addition to world-renowned centrifuges, 
SERVALL quality and versatility are available in 
homogenizers, microtomes, pipettes, etc. A fully 
illustrated catalog will be sent you upon request 
for Bulletin BC-10QC 


Iwan Sorvall, Ine. 


NORWALK @ CONNECTICUT 


An independent company; not connected with 
any other centrifuge manufacturer. Established 1934, 











Nov 


Pu 
421 
BAI 
FOR 





